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ABSTRACT

An experimental investigation was conducted to determine the causes of hot gas

ingestionof engine inletsin STOVL and V/STOL aircraftin ground effect. Marker

nephelomcuT was used to establishthe interactionsbetween the jets,forward velocity,

and ground for a typical aircraft model configuration. The _ mat model consisted

of a two inlet configuration with four low subsonic velocity jets impacting vertically on

a fiat plate. The vertical distance between the plate and model under-surface was

adjustable, and a wind tunnel provided forward air velocities from 0 to 0.1 times the jet

velocity to simulate landing into a wind. Single frame pictures of the smoke

concentration distribution in the flowficld revealed several vortical features in the

interaction region, which wci'c affected variously by the distance between the ground

plane and modcl, the forward wind velocity, and the inlet suction. Some of these vortical

features, such as the ground vortex, have been seen before in experiments using single

jets. Other vortical features in the flowfield, such as the forward vortex pair, have not

been seen before. Frame-averaged experimental smoke concentration' profiles compared

favorably with numerical time-averaged predictions of temperature distribution carried out

at the University of ILlinois. However, such predictions did not seem to rvvcal some

aspects of the vortical flow features which should affect instantaneous distortion into the

engine inlet.
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1. INTRODUCTION

Research investigating V/$TOL and STOVL concepts has been undertaken since

1954, with the first experimental VTOL aircraft., the Lockheed XFV-1. While this aixcra_

was unsuccessful, numerous experimental aircraft concurs have been studied and tested

since then. Only a few aircraft, such as the Harrier, have been actually produced.

V/STOL and STOVL aircraft offer several advantages over both helicopters and

conventional aircraft. Unlike conventional aircraft, VTOL and STOVL aircraft take off

and land vertically or in very short distances, allowing shorter runways to be used.

VTOL and STOVL aircraft also arc able to fly much faster than conventional helicopters.

While simple in concept, most V/STOL and STOVL aircraft configurations arc

exu'cmely difficult to design. A large number of concepts have been tested, but only a

few have been successful. The Harrier uses vectored thrust, which allows the aircraft

to take off and land vertically by rom_g the jet nozzles from horizontal to vertical. The

Soviet YAK-38 uses a hybrid vectored thrust/liftjet to take off and land vertically by

using a liftjet located behind the cockpit to provide some of the vertical thrust necessary.

The V-22 Osprey uses a tilt-rotor to convert from a helicopter-like hover co horizontal

flight. The C-17, a STOL aircraft, uses clcflectcd thrust to land on short runways.

One of the more important considerations in the design and operation of V/STOL

and STOVL aircraft in ground effect is the ingestion of hot exhaust gasses into the engine

inlets. Such ingestion leads to a time varying rise in inlet temperature in addition to

velocity and stagnation pressure distortion in the inlet flow. This temperature rise

decreases engine efficiency and performance, and may cause compressor stall in the
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engine. Ingestion is an extremely complex process affected by (a) the aircraft

configuration, including the inlet and nozzle design and location, (b) the engine

performance characteristics, (c) the altitude of the aircraft from the ground, (d) the attitude

of the aircraft, (e) the velocity of the ah'craft, and (f) the wind direction and velocity

relative to the aircraft. The engine exhaust jet is turbulent, hot, and often at high Mach

numbers due to choking and underexpansion within the nozzle. Coherent vortical

structures can be expected in the jet due to turbulence. The _ gives rise to

buoyancy effects. When the jet is supersonic, Mach waves appear in the jet and at

ground interaction. The jet interaction with the ground causes the jet to spread, which

can become further complicated when more than one jet is employed. The formation of

a fountain between multiple jets is well known. During forward flight of such an aircraft

in ground effect, a relative wind becomes established. Both inviscid and viscous

interactions between the jet spread and the forward wind velocity are of great importance.

Inlet suction is in the nature of a complicated sink in the flow and the flowfield is

therefore affected by the suction.

One of the principal questions in hot gas ingestion concerns the time varying

distortion in the flow and thermal fields at the inlet face. It is of considerable interest to

establish the manner in which instantaneous distortion varies during approach of a

V/STOL aircraft to a landing ground. One approach to addressing the problem is to

examine if there are any discemable characteristic features in the flow interaction region

beneauh the aircraft and further, ff there is a pattern to changes in 'such characteristic

features as the aircraft descends as a function of lime. This has been one of the main

motivations in the current investigation.

A second motivation for the current experiment at Purdue University has been to

provide experimental data for comparison with numerical predictions. In a concurrent

investigation done by Tafti and Vanka [52] at the University of Rlinois, an investigation
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has been carried out on predicting the interactive flowfield for the same model

configuration used in this experiment. It was therefore possible m compare numerical

predictions with experimental results. The calculations are based on time-averaged and

Reynolds-averaged equations of motion.

It was felt that a four-poster configuration with two symmetrically located inlets

provided an opportunity for examining a number of flow features in the interaction regioa

that would be of interest from the point of view of practical V/STOL or STOVL

It also provided a reasonably complicated configuration to examine prediction capability.

The three main geometric parameters in this experiment were H, the model height

above the ground plane, Dj, the jet diameter, and _, the inlet height above the ground.

The main velocity parameters are U, the free stream velocity, and Vj, the jet velocity.

The scaling parameters, although given in terms of Dj and Vj, are essentially unknown.

In the experiments, a non-intrusive technique, marker nephelometry, was chosen

to determine the fiowfield, qualitatively and also quantitatively, in the interaction region.

Based on the visualization of the smoke concentration field, one could obtain the flow

interactions. At the same time, the concentration field is analogous to the temperature

field provided the concentration and the temperature are both in the nature of a marker,

neither introducing density nor transport differences in the flowfield. On this basis, the

concentration field determined in the experiments became available for comparison with

numerical predictions of the temperature field done by the University of Illinois.

The flow velocities, both of the jets and of the forward wind, have small subsonic

values in the current experiments. Compressibility effects are therefore entirely

eliminated. At the same time, it may be worth pointing out that, although the ratio of jet

to forward wind velocities is typical of ground effect situations, the absolute velocity of

the jet is too small for direct comparison of observed flowfield interactions with those

found in practice. Nevertheless, it is hoped that the nature of flow interactions may be
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adequately representative of those occurring in actual aizvr_ operations.

In the following, details of the experiments and the data obtained are presented

along with (a) various observations on the structure of the flow interaction region and (b)

some typical comp_ between experimental data and predictions.

1.1 Vor__'¢_ Structures in the Howficld

The formation of various vortical _s in the flowfield is one of the most

noticeable features. In particular, three typos of vortex structm_ may be identified: (i)

• the horseshoe ground vortex, (ii) the forward vortex pair, ('_i) the vortices associated with

the interaction between the fountain and the jets, and (iv) the ground vortex associated

with the downstream pair of jets. Further remarks will be made on the inlet interaction;

meanwhile, the three types of vortex su'ucmres may bc discussed as follows.

1.1.1 The Ground Vortex

The horseshoe ground vortex is shown in figure 1.1. It forms in the ground plane,

and occurs in the region where boundary layer flow In'Oduccd by the jets impacting on

the ground plane meets the f_e stream flow. It has the features of a horse-shoe vormx,

although it will be split by the forward motion of the flow emanating from the inner flow

region between the pair of forward jets.

1.1.2 The Forward Vortex Pair

The forward vortex pair is also shown in figure 1.1. Each of the two counter-

rotating vortices in the forward vortex pair are anchored to the ground plane, generally

with their axes oriented normal to the ground plane. The forward vortex pair is located

in the stagnation region where the flow moving outward from between the two forward

jets and the free stream flow meet. The unsteady nature of the forward vortex pair makes

it difficuh to determine the various factors contributing to it's formation.
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1.1.3 Vortices Produced by Jet-Fountain Interactions

The third major feature visible in the flowfield is a pair of counter-rotating

vortices between a side pair of jets and the fountain, as shown in figure 1.2. At high

velocity ratios, only the downstream vortex seems to be formed. This feature propagates

outward from the region between the jets crosswise into the free stream flow. In this

region, only the downstream vortex is visible and acts similar to a ground vortex

associated with the downstream (rear) pair of jets.

1.1.4 Second Ground Vormx

The second .ground vortex is associatedwith the downstream pair of jets,and

appears to arisedue tothe fountainupwash in the innerflow region,as staredabove. At

low velocityratiosand low model heights,the second ground vormx does not appear in

the inner flow region. Instead,the vortex structuresdescribedin section1.1.3appear.

At high velocityratiosand model heights,the second ground vortex does appear in the

inner flow region,since the forward wind velocitycan now affectthe inner flowfield

region. The second ground vortex nearly always appears in the outer flow region,and

isseen in numerical as well as experimentalresults.The second ground vortexisshown

in figure1.1.
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2. LITERATURE REVIEW

A large amount of research has been done in the past It) inv_Jtigam the flowfi¢ld

around V/STOL and STOVL aircr_ in ground effect. This area of the flight regime is

by far the most complex and difficult pan to operate in and design for, since the V/STOL

aircraft is generally hovering or in transition. This in itself generates complex

aerodynamic forces, which make the aircraft difficult to control Stewart and Kulm [51]

have investigated several different configurations to dotmmine some of the aerodynamic

forces involved in V/STOL aircraft operations in ground effect. Kulm [33] has also

developed empirical models for predicting the aerodymunic forces and moments felt by

V/STOL aircraft. They have found that aircraft lift is lost in ground effect due to

entrainment by the jets and wall jet, and ground vortex suction. In addition, Lift in ground

effect may be increased by flow from the fountain impinging on the aircraft undersurface.

The aerodynamic pitching moment is also affected by these flow features. All these flow

features are highly dependont on the aimraft geometry, including the number, size, and

placement of the jets, wings, and fuselage. As such, it is difficult to get more than an

approximation of aerodynamic forces on the aircraft using empirical models. They have

also documented, in multiple-jet configurations, the existence of stagnation lines at the

ground plane, where wall jets from opposing jets meet, and are turned upwards to form

part of the foulltain. Kotansky [29] has also documented these features, and has

developed some empirical equations for calculating fountain strength, and the location of

stagnation Lines, for multiple-jet configurations. Hall and Rogers [25] have documented

recirculating flows for two jet experiments. Two recirculation regions between the
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fountain and jets were observed. These two recirculation regions were caused by fountain

flow being entrained by the two jets.

An important factor in STOVL and V/STOL aircraft design, and the main focus

of rids thesis, is the reingestion of hot engine exhaust back into the inlets, which can lead

to a large loss in thrust, and possibly compressor stall Schwantez [45] has documented

a one percent loss in thrust for every two degree rise in inlet temperature for some aircraft

configurations. Kuhn and Esldemann [34] also mention this problem, along with the other

flow features mentioned above. Hammond and McLenmce [26] have investigated hot gas

ingestion for a number of configurations using large-scale models.

Since the flow su'ucture around the aircraft is configuration dependent, a large

amount of research has been conducted in order to understand the flow of hot exhaust

gasses around experimcmal V/STOL aircraft and small scale V/STOL aircraft models in

ground effect. Aulehla and Kissel [5] have documented some of the aerodynamic forces

and problems with the VJ-101C, a tilt-jet supersonic V/STOL fighter concept. Weber

[56] has investigated a lift plus lift cruise concept, by measuring the unsteady inlet

temperature at various forward wind speeds. Barrack [7] has examined the effects of hot

gas ingestion on the performance of lift jets in ground effect at low forward speeds for

three large-scale models using different lift jet configurations in the 40- by 80-foot wind

tunnel at Ames Research Center. Sherreib [48] has investigated a civil V/STOL transport

using two, three, and four jets.

Another approach used in investigating the flowfield around V/STOL aircraft is

to look at the characteristics of a simple jet system, since the flowfield of complex

geometries is very difficult to investigate, due to its inherent complexity and unsteadiness.

Detailed experimental investigations have been conducted on single jets in a crossflow

impinging on fiat plates by Shayesteh et. al. [47]. Both Nosseir [41] and Donaldson and

Snedecker [18],[19] have conducted experiments on single jets impacting on fiat plates
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( without crossflows. Kotansky and Glaze [32] have investigated rectangular jet

impingement on a ground plane. Stewart and Kenunerly [50] have investigated single jet

impingement for a moving jet. Experiments done by Aoyagi and Schnyder [4] have

measured velocities using laser doppler velocimetry for a free jet issuing from a flat plate

into a free stream. They also have conducted velocity measurements for a twin jet

configuration. Saripalfi [44] has also conducted detailed velocity measurements using

laser doppler velocimetry for a twin jet configuration as well Hall and Rogers [25], and

Bower et. al. [ i l] have conducted research investigating the recirculafion of a twin jet

configuration. Wohlbee et. al. [58] has investigated two and three jet model

configurations near the ground plane.

Most experimental techniques are limited in the amount and location of measured

data. Numerical methods used to model the flowfield around a V/STOL aircraft allow

the examination of a number of different physical quantities in most of the flowfield.

This allows a number of different configurations to be investigated quickly, as well as

giving a large number of points at which different parameters can be examined. Chawla

et. al [14] has done numerical calculations on the flowfield around a delta wing with

multiple impinging jets. VanOverbeke and Holdeman [53] have investigated the hot gas

environment and flowfield around the four jet, two inlet configuration used in this

experiment, for several forward Sl:_ds and model heights. Agarwal [1] has reviewed a

number of numerical methods for jet-induced aerodynamic effects on V/STOL aircraft.

The difficulty with using numerical techniques is that there are very few experiments

which are able to verify the results of these numerical calculations.

Since large amounts of data arc available from single and dual jet experiments,

most numerical comparisons are done using single jets in a crossflow, or dual jets without

crossflow in order to verify the numerical code. Barata et. al. [6] have done this for

single jets in a crossflow, using a k-epsilon turbulence model. Agarwal [2],[3] has
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investigated numerical mchniqucs to model two dimensional jets issuing from a wing

using both Euler and Navicr-Stokcs solutions. Both Childs and Nixon [15], and Childs

and Patcl [16] have conducted numerical investigations with a numerical code using the

Navicr-Stokcs equations, and have calculated the flow around both an impinging jet in

a crossflow, and a twin jet configuration. Both these models were compared to

¢xpcrinmntal data from SaripaUi [44].

Marker nephelomeu'y, using a laser sheet to illuminate smoke panicles in a

flowfleld, and a camera to record the flowficld,has the potentialto provide detailed

experimentalmcasurcments of smoke concentrationeasily.These data can bc quantified

using analog-to-digitalconvcrsion,providing largeamounts of datafor comparison with

numerical results. In addition to being able to provide steady,time averaged smoke

concentrationmeasurements ina flowficld,marker nephelometry alsoallows time-varying

flowficlds to bc recorded. Calculationsof root-mean-squared concentration in the

flowficldcan then give a quantitativemeasurement of the amount of unsteadinessand

turbulencein the flowficld.Beckcr [9]has given a detailedtheoreticaldescriptionof the

methods and problems of using thistechnique,as well as having conducted experiments

investigatingsinglejets,both with and without swirl. BalinteL al.[8], Borlctcau [10],

and Brandt [12]have allinvcstigatcdfrccjets.Seal [46]has alsoinvcstigatcdsinglefrcc

jets,both with and without swirl. Morgan [39] and Dwengcr [19] have also used this

techniquetolook atunsteady fows inan annularcombustor. MucUcr [40]and Vcrct [54]

have alsouse thistechniqueto look at flows over stalledwings and Munt bodies. Johns

[28] has used thistechnique to investigatehot gas ingestionfor an advanced STOVL

fighter aircraft.

Markcr nephclomctry provides a grcat deal of information on smoke conccntration

measurements in a flowficld. This information can bc used for comparison with

numerical models of the same model configuration in order to verify the numerical code.
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The relative ease with which this technique can be used allows a number of

configurations to be quickly tested. Flowfield su'uctums are also visible, allowing the

investigator to see what features may be causing certain win)dynamic effects on the test

model. This is in contrast to most other experimental teclmiques, which are difficuit, such

as laser doppler velocimeu'y, or only give limited amounts of information, such as force

balance measurements or thermocouple readings at the inlet,for instance. This thesis

provides comparisons between numerical and experimental results for a four jet, two inlet

V/STOL aircraft model, and documents the effects of flee sueam velocity and model

height on various flowfield features.

b,
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3. EXPERIMENTAL APPARATUS AND METHOD

The experimental apparatus was designed to investigate the flowfield around a

generic V/STOL configuration in ground effect using a flow visualization technique

known as marker nephelometry. A secondary goal was to generate a data base of smoke

concentration profiles for comparison with numerically generated temperature profiles of

the same basic model configuration. The test model used in this experiment was based

on one used in a numerical study by Van_Overbeke and Holdeman [53]. A direct

comparison between experimental smoke concentration profiles and numerical temperature

profiles done by Tafti and Vanka [52] on the same basic configuration was then possible.

A number of data sets at different forward velocities and model heights above the ground

were generated.

3.1 Experimental Method

A method of flow visualization known as marker nephelometry was used to view

the flowfield. Marker nephelometry is a technique used to detect concentrations of small

parucles (markers) in a fluid using reflected or refi'acted fight. The technique used in this

experiment is similar to one used by Borleteau [10], who used a laser .sheet generated by

a cylindrical lens to view a freon jet. In the present experiment, a planar laser sheet

generated by a five wan argon-ion laser and a cylindrical lens was used to illuminate

smoke particles of propylene glycol in the flowfleld. The light scattered off the particles

was viewed by a CCD (Charge-Coupled Device) video camera mounted normal to the

laser sheet. Becket [9] has proven that in a flow containing marker particles that the

intensity of reflected light in any small part of the flow is proportional to the number of
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particles in that part of the flow. Since CCD cameras generally have a linear response

to fight intensity, the quantified intensity recorded by the camera was proportional to the

smoke particle density. Deu_ils and theory of this technique can be found in Becker [9].

3.2 Experimental Apvaratus

The experimental apparatus was designed around a four jet, two inlet model,

shown in figure 3.1. It has the same dimensions, relative to the jet diameter, as that used

in the example of predictions carded out by VanOvexbeke and Holdeman [53]. The jet

diameter (D_) of the test model is 0.5 inch, while that employed in VanOverbeke and

Holdeman [53] is roughly 1.5 inches; accordingly, all of the other dimensions of the test

configuration have been scaled by the factor 0.333 relative to that of [53]. The jet velocity

of the model was nominally set at 75 feet/second, yielding a Reynolds Number of about

20000 based on the jet diameter. Larger mass flow rates and thus jet velocities decreased

the smoke concentration in the flow field to unusable amounts. Each of the four half-inch

jets was preceded by a contraction section with an area ratio of 5 to 1. A set of screens

and honeycomb just before the contraction removed large scale unsteady features in the

flow. A velocity prof'tle across the jet exit plane for a single half-inch jet is shown in

figure 3.2. Jet velocities were measured at a static pressure port located just upstream of

the contraction section in the nozzle of each jet. A Validyne pressure transducer was

used to measure the static pressure at each jet in inches of water. The jet velocity could

be calculated using Bemoulli's Equation and the continuity equation:
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where Aj is the area of the jet, A, is the cross sectional area at the static pressure port,

and Ap the pressure change between the static pressure lXm and the jot exit. The quantity

(1-(A.JA,) 2) was theoretically 0.961 for each of the jets. To obtain an effective value,

each of the jets was calibrated by measuring the dyn_aic pressure at the jot exit plane

with a pitot probe and comparing this value to the static pressure at the port. This

constant, the ratio of the static pressure over the dynamic pressure, was 1.05, due to

pressure losses across the screens and honeycomb. So for this experiment,

A direct measurement of smoke concentration was not possible using this method

of marker nephelometry. All smoke concentration measurements were therefore

normalized to the smoke concentration in the vicinity of the model jets, which was

generally found to be the maximum smoke concena'ation in the flowfield as well.

Accurate rcsuks required the smoke concenu'arion at each of the jets had to be uniform

with time. The smoke concentration for all four jets was also requi_d to be nearly the

same. This ensured that any unsteadiness in smoke concena'ation measurements did not

result from unsteadiness in the jet smoke concentration. The smoke concentration in all

four jets was nearly the same, as shown in figure 3.3, which shows smoke concentration

profilesthrough both sidejet pairs. The smoke concentrationat the jetsis generally

constant wkh time, as sccn in figure 3.4. The standard deviation of the smoke

concentrationforthiscase was only 4.7 counts with a mean of about 208. The variations

in smokc conccnn'ationin the jetswith time, and between jets,was small enough to

provide accuratcrcsuksforboth analysisof unsteady flow features,and comparisons with

numcric_ rcsuks.



16

The inlet was located 5 inches, or I0 jet diameters, forward fi'om the front pair of

jets, measured from the jet centerlines. The inlet measured 0.5 inches horizontally by 1.0

inches vertically, with the bottom of the inlet 0.25 inches from the base of the model

from which the jets emanated. The distance between the ground and inlet, denoted I-I_,

was then 0.25 inches greater than the distance between the model and ground plane.

Figure 3.5 shows the complete experimental setup. The model was mounted in

a small two-dimensional wind tunnel with an open section. A fan upslzeam of the model

provided an airflow to simulate wind past the model in forward motion. A set of two

screens and a honeycomb and a two-to-one conu'aclion were u_ in this flow to

remove most of the swirl and non-uniformity. The tunnel section measured 22 inches

horizontally and 12 inches vertically. Velocities were measured using a Kanomax

Anenomaster constant temperature hot wire probe mounted just before the open test

section. The hot wire was covered by a wire mesh screen to prevent damage. This also

damped out small scale fluctuations in the velocity measurement. Velocity was measured

every .125 seconds and a running average was displayed every second. The maximum

velocity of airflow that could be generated was about 7.5 feel/second. This gave free

stream-to-jet velocity ratios of up to 0.10. The mean velocity of the wind tunnel varied

by about +/- 5 percent across the test section, as shown in figure 3.6.

The model was mounted in the test section with the jets pointing up towards a 30

inch by 30 inch glass ground plate serving as the ground plane in the test section. This

resulted in a less complicated mounting and support structure for ll_e model, and also

allowed the flowfield to be viewed through the ground plane. The distance between the

model and the ground plane could be adjusted over a dislance between 0 and 14 jet

diameters.

A single blower was utilized to supply air to the jet nozzles. The inlet to the

blower was connected to the model inlets, which merged into a single duct. In this
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manner, the inlet and the jet mass flows were essentially balance_k The velocity of each

of the jets was controlled by means of a ball valve. An oil mister was used to generate

smoke particles of propylene glycol. The smol_ was injected between the blower and ball

valves. Four feet of 1.25 inch diameter tubing were incorporau_ be_v_n the ¢=ossflow

smoke injectorlocationand thejetsin ordertoprovide adequa_ mixing distance.Except

for a small proportionof the largerpazdcles thattended to condense on the tubingwails,

the low velocityin the tubingassuredthatthe smoke was reasonablywell mixed with air

atentry to the jet.

A lasersheet was used to illuminatethe smoke particlesin the flow field.The

lasersheet was generatedusing a fivewatt argon-ionlaserand an opticsn'ain,shown in

figure3.7. The cylindricallens could be rotatedto createa horizontal(xz plane) or

vertical(xy plane)lasersheet. The focusing lensallowed the lasersheet thicknessto be

minimized in the testsection. The opticstrainand laserwere mounted on a movable

table,allowing the lasersheetto illuminatedifferentplanes. Three dimensional pictures

and verticalsmoke concentrationimages of the flow fieldcould then be generated by

combining severaldifferentplanes of data.

3.3 Data AcquisitionMethod

Data were acquired using a Panasonic CCD video camera and recorded on video

tape. Each 120 minute video tapecontained datafor one model height. The data stored

on video tapewas then played back and digitizedby a Data Transla,tionframe grabber.

Software allowed singleframes or multipleframe averages to be stored.

Figure 3.8 shows the data acquisitionflowchart. A Panasonic CCD video camera

was mounted to take picturesof thc illuminatedsmoke particlesin the flow field.The

camera could bc moved toview eithera horizontalor verticallasersheetilluminatedflow

field.Shutterspeed was 1/30thof a second, with 574 horizontalby 499 vcrticalpixcl

resolution.



18

The images were sent to a Super VHS video recorder and stored on video tape.

With 512 horizontal by 400 vertical pixel resolution, the Super VHS video recorder

allowed data to be stored with less resolution loss than conventional video recorders,

which only have 200 vertical pixel lines. Three video tapes were recorded for model

heights of two, four, and six jet diameters above the ground plane. Each video tape

contained data for one height. Ten forward speeds were tested, varying between 0 and

.10 times the jet velocity. At each forwLed speed, 20 different horizontal laser sheet

heights between the ground plane and model were tea:reded. Thirty seconds of data were

recorded for each laser sheet height, allowing 127 frame averages to be taken of the data.

A grid of one inch squares was recorded at the end of each set of 20 laser sheet heights,

to be used in determining the scale of the re_l_rded flow field.

A three dimensional picture of the time averaged flow field between the model

and ground plane could then be generated for each forward speed. This time averaged

flow field could then be compared to numerical data of the same flow field.

At the end of each video tape, smoke concentrations using a vertical laser sheet

were recorded. Four different laser sheet locations were used: at the centerline of the

model, the centerline of one pair of jets, the edge of the model, and 1.5 inches from the

edge of the model. Only two forward speeds were used: U/Vj - 0.03, and U/Vj = 0.09.

Images using a horizontal laser sheet 0.60 jet diameters from the ground plane with the

inlet suction off at ten forward speeds were recorded as well. This particular height

allowed the determination of the location of the ground vortex and fc_rward vortex at all

three model heights.

Video recorder playback of the video tapes was then sere to a Data Translation

DT2851 high speed frame grabber. The frame grabber was capable of capturing an image

at a sampling frequency of l0 MHz, giving the image a screen resolution of 512

horizontal by 480 vertical pixels. Eight bit analog to digital conversion at a sampling
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frequency of I0 MHz allowed up to 256 differentconcentration values. Dam

Translation'sIRIS dataacquisitionand processingprogram controlledthe flame grabber

and could average and storeimages to an IBM AT computer for laterprocessing. Both

singlefzames and 127 frame averages of the flow fieldwere storedon thecomputer. The

frame grabber could alsobe used torcdisplayfalsecolor images in realtime to an RGB

display.A Data TranslationDT2869 video board allowed falsecolordatato be displayed

on a standardtelevisionor storedto a video recorder.

Data Translation'sIRIS program was also used to determine the locationof the

ground vortexand forward vortexpair. Individualpixellocationscould be determined

by moving a crosshairon the RGB monitor with the cursorkeys. Using thiscrosshair,

ground vortexand forward vortexpairIocau_ns were measured from the forward extent

of these featuresin the 127 frame averaged images .6 jet diameters from the ground

plane. Singleframe images wcrc used todetermine theselocationsatlow velocityratios,

since frame averaged data smeared the forwiu'dvortex pairand ground vortex into the

background. Data was recorded for aU threeheightsand ten forward speeds,with inlet

suctionboth on and off.

Two other programs, RMSV and RMSH, were used to calcuiatcmean and root-

mean-squared smoke concentrationfrom the video taped data atseverallocationsin the

flow. Mean and root-mean-squared (rms) smoke concentrationwere digitizedusing the

frame grabber for certaincolumns and rows. Data was recorded for rows in the x-axis

directionatthe model centerline,sidejetpaircenterline(z/Dj= 1.6255,model edge (z/Dj

= 2.5),and 5.5jetdiametersfrom the model centerline.Data was recorded for columns

in the z-axis directionat the upstream (forward) jet pair centerline(x/Di = 0) and

downstream (rear)jet pair centerline(x/Dj = 6). This data was then plotted using

SIGMAPLOT, a commercial software plottingpackage.
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The root-mean-squared measurements of the smoke concenu'ation at several

locations allowed at least some measure of the unsteadiness in the flowfield. Calculations

of mean concenwafion were also used for comparison pm'lx_s with numerical data.

The mean concenuation in the flowfieki was defined as:

N

I

C" t-x
N

The rms (root-mean-squared) concentration was defined as:

where:

C = mean concentration

c' = rms concentration

N = number of frames

Ci = i m instantaneous concentration

Some small scale fluctuations in the flowfield may not be seen in the flowfield

due to the limitations of the measurement system. Fluctuations in smoke concentration

smaller than the probe volume (0.04 inches) will be averaged out. Fre_luency fluctuations

of greater than 15 Hz will also averaged out, since the camera exposure time was about

1/30th of a second for two interleaved frames. Therefore, the rms values may not

represent the unsteadiness and turbulence in the flowficld in areas with small, high

frequency fluctuations. These rms values do, however, give a good indication of the large

scale unsteadiness associated with the ground vortex and forward vortex pairs.
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Images stored on the IBM AT computer were processed a number of different

ways. Figure 3.9 shows a generalized processing flowchart for most of the software used.

The programs HFSIGNS and VFSIGNS displayed smoke concentration versus

horizontal (x-axis) or vertical (z-axis) pixel location respectively. Several different smoke

concentration profiles could be displayed at once. Comparisons between smoke

concentration profiles at the left and right jet pairs using HFSIGNS, for instance, were

possible. Smoke concentration profiles of different files, along either x- (HFSIGNS) or

z-axes, could also be compared. This allowed direct comparison between numerical and

experimental results at several locations in the flowfield. Individual dam sets could also

be shifted in order to line up the origins of different files. The final results of the output

on the screen could then be written to a file. This file was then plotted using

SIGMAPLOT.

Data could also be uploaded to an Ardent computer. IRIS files of 20 different

heights were converted, using the program CVTG, into a three dimensional picture of the

flow field for use with NASA's PLOT3D program. PLOT3D files containing numerically

generated flow fields could also be converted into IRIS files using the program RlVICVT.

This program scaled the numerical temperature profiles in amplitude and location, so that

numerical temperature profiles and experimental smoke concentrations had the same scale

and maximum amplitude. The resulting IRIS files were then downloaded for data

processing on the IBM AT.

IRIS files could also be viewed in color on an EGA or VGA monitor using

PAINTVGQ and PAINTRVP. Both programs had a 640 horizontal by 480 vertical pixel

resolution in sixteen grey scales, allowing a full IRIS image file to be viewed. The

resulting grey scale image could then be printed to a printer. PAINTRVP allowed the

image files to be rotated 180 degrees, and was used on files containing images which
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were generated using a vertical laser sheet. Since the experimental test model was

mounted upside-down in the list section, this program was used to "fight" the image.

HFTEC and VFTEC displayed smoke concentration versus horizontal or vertical

pixel location, similar to HFSIGNS and VFSIGNS, exert the output file was configured

to operate using TECPLOT, another commercial plotting software package.

The program TECCVT converted IRIS files into TECPLOT files to generate two

dimensional smoke concentration profiles. Data could be scaled to reflect actual

dimensions rather than screen pixel location. TECPLOT allowed both grey scales and

contour plots of individual files.

Using this experimental apparatus and technique, it was possible to obtain smoke

concentration data that was directly comparable to numerically generated temperature

prof'fles. This experimental apparatus could also be used to test a number of different

model configurations, making the determination of the temperature environment around

a STOVL configurationrelativelyeasily.
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4. EXPERIMENTAL RESULTS

The flowfleld around the model has a number of in.sting features. Most of

tbese features are associated with vortex flows, and show some _ss.

In the following, we first illustrate the formation of four types of vortical

structures: the ground vortex, located where the wall jet meets the free stream flow; the

forward vortex pair, located at the stagnation point between the free stream flow and

fountain flow; the vortex pair located between the fountain and jets in the inner flow

region; and the second ground vortex associated with the rear pair of jets, located where

flow from the wall jet associated with the rear pair of jets meets the wall jet associated

with the front pair of jets and the free stream fow. Unsteadiness in the flow causes the

presence of such structures to be somewhat blurred in frame-averaging. Measurements

of root-mean-squared (rms) concentration show some of the large scale unsteadiness in

the flow in the region near the ground vortex and forward vortex pair. Other unsteadiness

exists in the flow, but due to Limitations in the measurement system, is not seen in rms

concentration measurements.

The vortex features in the flow are also influenced by the velocity ratio. This is

seen in single frame, time averaged, and rms plots of concenu'ation. The ground to model

height and inlet suction also appear to be major factors in influencing the flow structure

for this particular configuration.

4.1 Vortical Structures in the Flgwfi¢ld

Presented fu'st are examples of the basic flow features seen in the flowfield, for

a velocity ratio of 0.09 and a model height of 4 jet diameters. In section 4.1.2, mean
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concentration profiles and rms concenuration profiles at selected areas in the flowfield will

bc presented.

4.1.1 Illustration of Vormx S_cuacs

The four types of vortex structures descrihed in section 1.1 are shown in figures

4.1 through 4.5. Figure 4.1 shows two of the fcann'es in an image of the smoke

concentration in the flowfield using a horizontal laser sheet located midway hetwvcn the

ground plane and the model. Figures 4.2 through 4.5 show the other flow features in

vertical planes 5.5 jet diameters from the model centerline, at the model edge (2.5 jet

diameters from the model centerline), through the side jet pair oenterline, and through the

model centerline, all at a velocity ratio of .09 and a model height of 4 jet diameters.

Figures 4.6 and 4.7 show images of the flowfield illuminated by a laser sheet located at

the ground plane and model undersurface respectively. Figures 4.8 through 4.10 show

frame-averaged images of the ground, mid, and body planes respectively.

One of the two features visible in figure 4.1 is the formation of the horseshoe

ground vortex in the ground plane. A cross-section of the vortex can he seen in profile

in figure 4.2 at a plane located 5.5 jet diameters fi'om the model centerline. It has been

seen in experiments by Colin and Olivari [17] investigating single jets in cross flows.

This feature has also been seen in operations with the Harrier. Unlike the single jet case,

where one obtains a continuous horseshoe vortex, the ground vortex is bisected in the four

poster case by flow moving radially outward along the stagnation (or the center) line

between the two forward jets.: The behavior of the two branches of the ground vortex in

relation to the outward flow between the jets is then determined by the ratio U/Vj.

The second major feature visible in figure 4.1 is the pair of vortices referred to

as the forward vortex pair, formed where flow moving radially outward along the

stagnation line between the two forward jets meets the free stream flow. This feature is

located in the stagnation region of the two fows. The forward vortex pair is normal to
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the ground plane and is found to be unsteady in the movie, with the size and location of

each vortex changing rapidly.

A third feature visib_ in figure 4.2 is the second ground vmlex associated with

the downstream pair of jets. The second ground vm'tex eventually merges into the inner

flowfield, and connects with the vortex pair between the fountain and jets. Also visible

is the wall jet, which crea:s both ground vortices where it inlezac_ with the free stream.

The fourth feature, caused by mun'actions between the fountain and jets, can be

seen in figure 4.3, which is a vertical plane located at the edge of the model, 2.5 jet

diameters from the centerline of the model. This feature is caused by the impingement

of the fountain on the model and entrainment of the resulting flow field by the jets. This

is evident as two counter rotating vortices between the jets and fountain. These two

vortices propagate out of the inner flow region between the jets crosswise into the free

stream flow, and connect with the ground vortex associated with the downstream pair of

jets. This feature is similar to one seen by Hall [25] and Saripalli [44] in twin jet

configurations. It is only seen at low model heights and low forward wind velocities.

Figure 4.4 is a vertical plane located through the centerline of the jets, 1.625 jet

diameters from the centerline of the model. This shows the fountain, jets, and counter-

rotating vortices caused by the jets and fountain interacting. Figure 4.5 is at the

centerline of the model for the same model height and velocity ratio. The centerline

plane is located right at the fountain, and does not show many features. This is expected,

since the centerline plane lies on a plane of symmetry through the fotintain. The lack of

flowfield features may also be due to

unsteadiness in the flow.

Figure 4.6 shows the ground plane.

the camera averaging out portions of the

The forward vortex pair is visible in profile,

and is anchored to the ground plane. The four jets are clearly visible in the flowfield.

The wall jet is responsible for the broad area of smoke concentration outside the jets, and
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covers a large area in the flowfield. The fountain is also visible in between the jets,

especially the high concentration regions where flow fi'om adjacent jets meet.

Figure 4.7 shows a horizontal plane located close to the model. The forward

vortex pair is much less visible, and in this case, appears to be sucked into the inlets.

The four jets are much more distinct than at the ground plane, and the fountain is much

less distinct.

Figures 4.8 through 4110 show 127 flame averages of the flowfield. Figure 4.8

shows a horizontal plane located close to the ground plane. Comparing this figure to

figure 4.6 shows that the forward vortex pair has become smcan_ The four jets and

fountain structure are still clearly visible. Figure 4.9 shows a horizontal plane midway

between _e ground plane and model. Again, frame averaging has smeared the structure

in both the ground vortex and forward vortex pair. This is also seen in figure 4.10, at

a horizontal plane closest to the model body.

4.1.2 Mean and RMS Concentration Measurements

Presented next are mean and rms concentration measurements at the ground plane,

mid plane and body plane at selected locations. The x-axis in the plots arc measured

positive downstream, so the free stream is coming from the left. The x-axis origin for

all rms and mean concentration plots is located through the centerline of the forward pair

of jets. The inlet is located ten jet diameters upstream (at -I0), and the centerline of the

rear pair of jets is located six jet diameters downstream of the origin. The z-axis origin

is located at the centcrline of the model. Side jets arc located at 4-/- 1.625 jet diameters

from the origin. Since the flowfield is gcncraUy symmetric, no distinction is generaUy

made between left and fight sides. Measurements of mean and rms concentration were

made, for each plane, through the model centcrline, through the left side jet centerline,

at the edge of the model (2.5 jet diameters from the model centerline), and 5.5 jet
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diameters from the model centerline. Plots across the forward and rear jet pair centerlin¢

are also presented.

Somc small scale fluctuations in the flowficld may not be seen due to the

limitations of the measmemcnt system. Fluctuations smallcr than thc probe vohune (0.04

inches) will be averaged ouL Turbulent flow with frequencies of greatm" than 15 Hz will

also be averaged out, since the camera exposure timz is about 1/30th of a second for two

interleaved frames. Therefore, the root-mean squared (rms) concentration values may not

represent the unsteadiness and turbulence in the flowficld in areas with small, high

frequency fluctuations. These rms concentration values do, however, glvc a good

indication of the large scale unsteadiness associated with the ground vortex and forward

vortexpairs. I.

Most of thepeaks inroot-mean-squared (rms)concentrationcan be associatedwith

flowfieldfeaturessuch as the ground vortex,second ground vortex,forward vortexpair,

and fountain.Some of the other largepeaks inrms concentrationcan be associatedwith

interactionsbetween the freestream velocityand jets.These peaks are especiallyvisible

in plotsof mean and rms concentrationwhich arc orientedacrossthe forward and rear

jetpairs.

4.1.2.1 Mean and RMS Concentration at the Ground Plane.

Figures 4.11 through 4.16 show profdes of mean and rms concentrationat the

ground plane. Mean and rms p_files arc shown fh'storientedalong the x-axisthrough

the model centerline,sidejetpaircenterline,model edge, and 5.5 jetcliametersfrom the

model centerlin¢.Next, mean and rms profilesaxe shown orientedalong thez-axisatthe

forward and rearjetpaircenterlinc.Figure 4.6 shows a singleframe, and figure4.8 a

127 frame average at the ground plane for the same conditionsin figures4.11 through

4.16.
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Figure 4.11 shows a profile of the mean concentration and rms concentrations

through the centerline of the model for a velocity ratio (U/Vj) of 0.09 with a model height

of 4 jet diameters. The horizontal laser sheet is located at the ground plane. The mean

concentration, represented by the solid line and scale on the left, has been normalized to

the maximum concentration in the flowfield (Cj), Luumed to be at the jets. The rms

concentration, represented by the dashed line, has also been divided by the maximum

concentration. The peak in mean concentration is located at the center of the fountain.

The peak in rms concentration corresponds m the area of the flowficld near the stagnation

region between the free stream and forward flow associated with the fountain. This area

is also the location of the forward vortex pair.

Figure 4.12 shows both mean and _ concentration profilesthrough the jet

centerlinc.The lasersheetislocatednear the ground plane. A peak inrms concentration

occurs in the regionwhere the freestream flow stagnatesagainstthe flow from thejets.

This areaagaincorrespondsto thelocationofthe ground vortexand forward vortexpairs.

Another small peak in rms occursjustin frontof the forward jet,locatedat the x axis

origin. This may be caused by unsteady mixing between the freestream flow and jet

flow. The two largepeaks in the mean concentrationplot(solidline)correspond to the

two sidejets.Thc smallerpeak inmean concenwation between the two jetsislocatedin

the fountainrcgion,where wall jetsfrom the two impinging jetsmeet.

Similar featuresare seen in figure4.13, a concentrationprofilelocated at the

edge of the model, 2.5jetdiametersfrom the centerline.The forward rms concentration

peak associatedwith the forward vortex pairand ground vortex isvisible,as well as a

small peak in rms concentrationin frontof the forward jets,which issimilarm thatseen

in figure4.12. Also visiblein figure4.13 is a small peak in rms concentrationjust

upstream of thc rcarpairof jets.This corresponds to the locationof the ground vortex

associatcdwith the downstream pairof jets.This rms concentrationpeak ismuch more
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visible in figure 4.14, a profile located 5.5 jet diamem's fxom the model cenu_rline.

Peaks of mean and rms concentration associated with the ground vortex are visible, as

well as rms and mean concenu'ation peaks associa_l with the second downsu_am ground

vortex. The rms concenu'ation peak associated with the fm_vard pair ofj©ts, and seen in

figures 4.12 and 4.13, is no longer visible.

Figure 4.15 shows a profile across the forward pair of jets at the ground plane.

The two large peaks in the mean concenu'ation are _ where the jets impact the

ground plane. The two small peaks in the runs concenm_ion just ou_ide the jets may be

caused by mixing between the free su'eam flow and jet flow. Figure 4.16, a profile

across the rear pair of jets, shows similar u'ends, except the two peaks in the rms

concentration outside the jets are much broader. The broad areas of high rms show only

some of the turbulence and unsteadiness in the wall jet.

4.1.2.2 Mean and RMS C0n_n_xafion at the Mid Plane.

Figures 4.17 through 4.22 show profiles of mean and rms concenu'afion at the mid

plane. Mean and rms concentration profiles are shown first oriented along the x-axis

through the model centerline, side jet pair centerline, model edge, and 5.5 jet diameters

from the model centerline. Next, mean and rms profiles are shown oriented along the z-

axis at the forward and rear jet pair centerline. Figure 4.1 shows a single frame of the

flowfield associated with these plots, and figure 4.9 a 127 frame average at the mid plane.

Figure 4.17 shows mean and rms concenu'ation plots along the centerline of the

model, with the laser sheet located midway between the ground plane and model. This

figureshows feararessimilarto those seen atthe ground plane. There isa centralpeak

in mean concenu'ationcorresponding to the locationof the fountain. Measurements of

l'ms concentrationshow a peak similarto the one seen in figure4.11, located at the

stagnationareabetween the freestream and fountain,corresponding tothe locationof the
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forward vortex pair. The amplitude of the rms concentration is geater than at the ground

plane.

Figure 4.18 shows mean and rms ¢oncenlz_on profiles through the jet

centerline, with the laser sheet again located midway between the ground plane and

model. The two peaks in concentration correspond to the jet locations. The peak in rms

concentration located near X/Dj -'- -15 is similar to the one seen at the forward edge of

the flow at the ground plane in figure 4.12. A second, sharp peak is located just forward

of the front jet, and probably represents an area where entrainment occurs. This peak is

much sharper than the one in front of the jet at the ground plane, in figure 4.13. The

general level of rms concentration is much greater than at the ground plane in figure 4.12,

especially outside of the inner flow region. This suggests that more large-scale unsteady

flow is occurring at the mid plane.

Figure 4.19 shows mean and rms concentration profiles at the edge of the

model, 2.5 jet diameters from the centerl.ine. The laser sheet is again located at a plane

located midway between the ground plane and the model. A broad region of high rms

concentration is located in the region corresponding to the ground vortex and forward

vortex pair. A peak in rms concentration just forward of the front jet location is similar

to that seen in figure 4.18 at the jet plane. Unlike figure 4.18, a small peak in rms

concentration occurs just forward of the rear jet, located at X/Dj = -6. A large rms

concentration peak occurs in the region where the ground vor_x interacts with the flee

scream, again similar to figure 4.18. The level of tins concentration is hgain much greater

than in figure 4.13, located at the ground plane.

Figure 4.20 shows mean and rms concentration prof'des located 5.5 jet diameters

from the cemerline of the model, with the laser sheet midway between the model and

ground plane. This plot is much different than figure 4.14, located at the ground plane.

The two peaks in mean concentration correspond to the ground vortex (forward peak), and
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the second ground vortex associamd with the rear pair of jets (rear peak). The peaks in

rms concentration located forward of each ground vo_x pe_t- era'respond to the area of

interaction between the flee stream and vortices.

Figure 4.21 shows mean and rms concenlrafion plots across the forward pair of

jets, again with the laser sheet located midway bcnvcvn the ground plane and model The

two large peaks in mean concentration correspond to the two fro'ward jets. Peaks in rms

concentration occur just outside the jets, where areas of enwainmcnt and mixing occur

between the jets and free su_am. Turbulent flow around the jets also may cause these

peaks. Figure 4.22 shows similar trends at the rear pair of jets, but with the rms peaks

much broader and lower. Both these figures have different rms concenu'ation distributions

in comparison [o figures 4.15 and 4.16, located at the ground plane, where the wall jet

removes most of the interactions.

4.1.2.3 Mean and RMS Concenwafion at the Model.

Figures 4.23 through 4.29 are of mean and rms concentration plots with the laser

sheet located a[ the plane closest to the model, for a model height of 4 jet diameters and

a velocity ratio of 0.09. Figure 4.10 shows the mean concentration and figure 4.7 a single

frame of the fiowfield for the same conditions as figures 4.23 through 4.29.

Figure 4.23 shows mean and rms concentration profiles through the centeriine

of the model, with the laser sheet close to the model. There is a peak in rms

concentrationnear the forward edge of the flow which era'respondsto the stagnation

regionbetween the freestream flow and thefountain,similartofigure'4.11atthe ground

plane. This again corresponds to the locationof the forward vorlex pair and _'ound

vortex. The second peak inrms concentrationjustdownsu'¢am of thispeak may be due

to interactionbetween the freestream flow and fountain flow which follows the model

underside. This undersidefountainflow is the mechanism which may cause near field

hot gas ingestion.
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Figure 4.24 shows mean and rms concentration plots through the model jet

centerline. The two peaks in mean concentration correspond to the jets. Unlike the

ground and midplane rms concentration profiles, the plane closest to the model shows no

distinct central peak at the forward edge of the mean concentration rise. The absence of

rms concentration peaks in this region suggests that the flow at the model body is not

greatly influenced by the forward vortex pair or ground vor_x. Flow along the model

underside may be responsible for these flow conditions. The decrease in rms

concentration values in between the jets may again be due to the inability of the

measurement system to resolve small, high speed turbulent and unsteady flow structures.

Large scale unsteadiness in the flow increases downstream of the jets. Comparison to

figure 4.18 at the mid plane show some similarities between the two flows, with the

exception of a dis_ct forward peak corresponding to the ground vortex and forward

vortex pair positions.

The edge plane, 2.5 jet diameters from the centerline, is shown in figure 4.25.

The broad peak in mean concentration represents flow moving out of the inner flow

region between the jets. Measurements of rms concentration are nearly the same order

of magnitude as the mean concentration measurements outside the inner region. This

flow pattern is similar to that of figures 4.13 and 4.19, located at the ground and mid

planes respectively. Like these two figures, figure 4.25 has a small peak in rms

concentration just forward of the front jet. Some other peaks in rms concentration are

missing, such as the peak associated with the forward edge of the ground vortex. Due

to the distance from the ground plane, figure 4.25 may not show flow patterns due to the

ground vortex or forward vortex pair. Instead, most flow mean and rms concentration

measurements are probably due to flow movement along the model underside.

Figure 4.26 shows mean and rms concentration profiles located 5.5 jet diameters

from the centerline. Like figures 4.14 and 4.20 at the ground and mid planes
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respectively, the two peaks in mean concentration correspond to the ground vortex and

second ground vortex. Peaks in rms concentration also Occur in these regions. Due to

the distance from the ground plane, only the tops of the two ground vortices are actually

seen, and the peaks in rms concentration are cenmed ov_ the peaks in coacenmuion.

The rms concenu'afion measurementsare also on the same cederof magnitude as the

mean concentration values.

Figures 4.27 and 4.28 show mean and rms concentration profiles across the

front and rear pairs of jets respectively. The two peaks in mean conccnu'ation correspond

to the jet locations. The peaks in rms concentration an: similar to those seen at the mid

plane in figures 4.21 and 4.22. Free stream flow is mixing with flow from the region

between the jets, causing unsteady structures _ form. Flow moving around the jets may

also act similar to flow around circular cylinders. Where separation occurs around the

cylinder edges, unsteady flow structures result.

4.2 Effects of Forward Velocity on Vortex Structures

Most of the flowfield structures are changed by changing the forward velocity.

In the following, changes to the size and shape of the vortex structures in the flowfield

are illusu'ated. Mean and rms concentration measurements are also shown at the ground

plane, and are compared to results from the previous section. All plots are shown for a

velocity ratio of 0.03 and a model height of 4 jet diameters.

4.2.1 musrrarion of Vortex Structures

The characteristics of the vortex snucmres in the flowfield are changed by

changing the forward velocit7 ratios. Illustrations of the ground vortex and forward

vortex pair at a velocity ratio of 0.03 are shown in figures 4.29 and 4.30. The variation

of ground vortex and forward vortex pair locations are then shown in figures 4.31 and

ORIGINNL. PAGE I_



43

4.32. Next, results arc shown of the other vortex structu_s. Finally, frame averaged

images of the flowfield at the ground, mid and body planes are displayed.

The distance between the ground vortex and forward pair of jets increases as the

velocity ratio decreases. Figure 4.29 shows a single frame with a veloci W ratio (UN_)

of 0.03. The model is four jet diameters above the ground plane, with the laser sh_t two

jet diameters from the ground plane. A comparison with figure 4.1 shows several

differences ff scale is taken into account. The ground v_ in addition to being further

from the forward pair of jets, has been visibly entrained by the radial flow from the

fountain region between the two jets. In some cases, it has been observ_ to actually

wrap around into the forward vortex pair at these low velocity ratios. Figure 4.30

shows the ground vortex in profile 5.5 jet _amctc_ from the cen_rline of the modeL

Comparing this figure to figure 4.2, and accounting for differences in camera

magnification, it can be seen that the ground vor_x size is not greatly influenced by the

velocity ratio.

At lower velocity ratios, the forward vortex pair merges almost completely with

the background in the 127-frame averages of the flow field, although it is still visible in

single frame pictures of the same flow field. Figure 4.29 shows the forward vortex pair

for U/Vj of 0.03 with the laser sheet at the mid plane, two jet diameters above the ground

plane. Comparing this figure to figure 4.1 shows that the forward vortex pair becomes

much larger at lower forward velocity ratios. In addition, the location of the forward

vortex pair seems to become much more variable as observed in vidc6s of the flowfield.

This may partially be due to variations in the free stream velocity at such low velocity

ratios.

Figures 4.31 and 4.32 show the variation of the ground vortex and forwaxi

vortex pair locations relative to the forward pair of jets for various velocity ratios at a

heigh[ of four jet diameters. These locations are measured from the forward edge of the

O_GtNAJ. PAGE I_
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ground vortex and forward vortex pair in the flame averaged images. In some cases, the

forward edged of the ground vortex and forward vortex pair was estimated using single

frame pictures for low velocity ratios. In these cases, the ground vortex and forward

vortex pair merged with the background in frame averaged images.

The ground vortex associated with the second pair of jets is also visible in figure

4.30. It is very similar to the one seen in figure 4.2. Figure 4.33, showing a vertical

laser sheet at the edge of the model, or 2.5 jet diameters from the centex'line of the model,

does not show the second ground vortex at a velocity ratio of 0.03. Instead, the vortex

pair between the fountain and jets has moved out of the inner flow region, and it's

su'ucmre is much more visible. Figure 4.34 shows a s_ plot through the centerline

of the jets, 1.625 jet diameters from the model centerline. The vortex pair between the

fountain and jets is visible, and is much more evident than in figure 4.4.

The forward vortex pair and fountain structme are visible at the ground plane in

figure 4.35. The velocity ratio is 0.03. comparing this figure to figure 4.6 shows that

the forward vortex pair has become much larger and more diffuse. In figure 4.36, a

127 frame average at the ground plane, the forward vortex pair and parts of the ground

vortex have been smeared into the background due to the unsteadiness and low smoke

concentration in these areas. Figure 4.37, a 127 frame average at the centerline plane

at a velocity ratio of 0.03, shows the smoke concentration in the ground vortex much

lower than in figure 4.9, which has a velocity ratio of 0.09. The second ground vortex,

associated with the rear pair of jets, extends much further out than in' figure 4.9 as well.

Similar trends are seen in figure 4.38, with the laser sheet located close to the modeL

4.2.2 Mean and RMS Concentration Measurements

Presented next are plots of the mean and rms concentration at the ground plane

for a velocity ratio of 0.03 and a model height of four jet diameters. Results are
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presented for prof'des along _e model centerline, side jet cent_rline, model edge, and 5.5

jet diameters from the model edge.

Figure 4.39 shows mean and rms concenU'ation plots through the model

cenwrline, normalized to the maximum concenu'afion in the flowfield, and rms

concentration, divided by the maximum concenu'ation in the flowfield. The laser sheet

in this case is located at the ground plane, with the model four jet diameters from the

ground plane and a velocity ratio of 0.03. The sharp peak in mean concentration is in the

fountain region, similar to figure 4.1 I. The peak in rms concentration, however, is much

broader and shallower than in figure 4.11. Also, the mean concentration only gradually

drops off. This may be due to the larger size of the forward vortex pair, which may have

a larger variation in location, as well as a lower smoke concentration. Figure 4.40

shows similar comparisons with 4.12 at a plane through the jet centerline. The forward

peak in rms is lower and much broader than at a velocity ratio of 0.09. There is suU a

peak in front of the forward jet, but it is not as prominent. Plots outside the inner flow

show very little variation at all. Much of the unsteadiness in the flow may be missing,

due to the limitations on the measurement system. Figures 4.41 and 4.42 show mean

concentration and rms plots 2.5 and 5.5 jet dian_tc_ from the model cen_rline

respectively. These two plots show almost no variation in rms concentration at a velocity

ratio of 0.03.

4.3 Effect of Model Height Variation on the Flowfield

Changes in the model height with respect to the ground plane produce changes in

the flowfield. Most of the vortex structures are affected by changes in model height.

Mean and rms concentration prof'des also show some changes in flow structure, although

there are still large similarities between the structures seen at an three heights. General

trends seen in the flowfield by increasing model height are also discussed.
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4.3.1 Effectof Height Variationon Vortex Structures

At lower velocityratios,itappears thatthe ground vortexand forward vortexpair

locations depend on the height of the test model above the ground. Figures 4.43,

4.44, and 4.45 show the flowfieid with a laser sheet locat_ at the ground plane and

a velocity ratio of 0.03 at heights of 2, 4, and 6 jet diamcm's resp_iveiy. Taking into

account the variation in camera magnification, the ground vortex and forward vortex pair

locations decrease with decreasing model height. The variation of ground vortex location

relative to the forward pair of jets with model height for various velocity ratios is shown

in figure 4.46. The ground vortex location increases with in_g model height for

low velocity ratios. At high velocity ratios, the ground vortex location appears _ be

independent of model height. Another interesting thing to note is that at a model height

of two jetdiameters,the ground vortex islocatedvery near the inletfor allthe velocity

ratiostestedhere. This suggests,thatat low model heights,the ground vortexlocation

isinfluencedby inletsuction.

A similartrend is noticed for the forward vortex pair. Figure 4.47 shows the

forward vortexpairlocationrelativeto the forward pairof jetsversus velocityratiofor

the threemodel heightstested.The trendsin forward vortexpairlocationarc similarto

the ground vortex,but the forward vortexpairdoes not appear as greatlyinfluencedby

suctionatlower model heights.

For lower velocityratios,some of the flowfieidsn'uctureschange, as well as the

ground vortex and forward vortexpairlocations.Figu_s 4.43,4.44,and 4.45 alsoshow

some of the changes in sizeand shape of the flowfieldslrucun'es.At a model heightof

two jetdiameters,the forward vortexpairismuch smaller,as well as being closertothe

inlets,than ata model heightof sixjetdiameters. In addition,the ground vortexshape

isdifferent.At a heightof sixjetdiameters,the ground vortex appears to be deformed

by flow moving outward from the fountainregion between the two forward jets,while

:
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at a height of two jet diameters, the ground vormx is nearly normal to the free stream

flow. Most of these differences can be attributed to inlet suction.

The structure and location of the ground vortex asscdated with the downstream

pair of jets, and the counter-rotating vortex pair between the jets, does not appear to

change much with height variation, as seen in figures 4.43 through 4.45. This is

expected, since flow from the forward pair of jets has much more influence on these

structures than the free stream flow.

At higher velocity ratios, there is not much variation in forward vortex pair and

ground vortex locations, and the structure of the flowfield is quite similar at all three

heights. Figures 4.48, 4.49, and 4.50 show 127 frame averages at the ground

plane for a velocity ratio of 0.09 and model heights of 2, 4, and 6 jet diameters

respectively. All of the major structures in the flowfleld are almost identical in the three

cases. The main difference between these three cases is the amount of mixing which

occurs. Figure 4.51 shows normalized concentration plots of the flowfield through the

centerline of the model for model heights of 2, 4, and 6 jet dian_ters. The laser sheet

is located near the ground plane. At a model height of six jet diameters, the

concentration is lower than at two jet diameters in the region ahead of the fountain. The

larger distance between the model and ground plane allows more entrainment and mixing

to take place. At the lower model heights, the ground vortex may block a large portion

of the mixing flow. Figures 4.52, 4.53, and 4.54 show vertical images of the

flowfleld through the jet centcrline at a velocity ratio of 0.09 for model heights of 2, 4,

and 6 jet diameters. At a model height of two jet diameters, the ground vortex

completely blocks flow from entering the inner flow region, preventing mixing. At a

model height of six jet diameters, the ground vortex does not span the distance between

the ground plane and the model, allowing the inner flowfield to mix with the free stream,
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decreasing smoke conccnn'azion. For all these model heights,tl_ su'ucmrc of the

flowfieldremains similar,but does not depend on the mo_l boightabove the ground.

Figures 4.55, 4.56, and 4.57 show some of the flowf_ld structures at the

mid plane for model heights of 2, 4, and 6 jet diam=mal m_v¢ly. _ not _y

comparable, since most of the flow su_ctm'cs do not scale with mo_l height, there arc

still some interesting fcatm_s to note. For the mid plane at a boight of 2 jet dian_ters

(figure 4.55),allthe flowf_Id sn'uctums arc quire im)mincnt, and include the ground

vortex,forward vortexpair,and s_'ond ground vor_x auocis_l with themar pairofjets.

At a height of 4 jetdiamcmrs (figure4.56),allthem featuresam stillvisible,but the

ground vortex and second ground vortex appear morn unsteady. Since both ground

vorticesarc generallyof fixed size,as the m_l heightis increased,images along the

mid plane progressivelyshow sectionsof the ground vormx _ from the ground

plane. At a heightof sixjetdiameters,the ground vormx isalmost entirelybelow the

mid plane.

The variationinforward vortexpairsizeand locationisalsoevidentin these

figures.Increasingthe model heightprogressivelyin_s the forward vortexpairsize

and distancefrom the forward pairofjets.Inletsuctionappears toplay a rolein the size

and locationof thissu'ucmm.

4.3.2 Mean and RMS Concenn'aton Profiles

A comparison of both mean concentrationand rms concen_'adon show the same

flow structures for all model heights of 2, 4, and 6 jet diameters with the laser sheet at

the ground plane and a velocity ratio of 0.09. Figures 4.58 through 4.61 show mean and

rms concentration profiles, for a model height of two jet diameters, through the model

centerline, side jet pair centerline, model edge (2.5 jet dianactm's from the model

centerline), and 5.5 jet diameters from the model centerline. Figures 4.62 through 4.65

show similar plots for a height of six jet diameters. These sets can be compared to the
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corresponding plots for a height of four jet diamctors in figures 4.11 through 4.14.

Comparing these sets, some general trends can be seen. As the model height is increased,

the rms concentration peak just in front of the forward jet, and rms concenwafion peak

just in front of the fountain increase in amplitude rchlive to the background rms

concenwadon. These peaks arc prominent at a height of six jet diameters, but arc not

seen at a height of two jet diameters. This Izvnd is seen in plots corresponding to the jet

centerline, model edge, and 5.5 jet diameters from the model coastline. The larger

model heights appear to allow more fr_ su'cam flow to mix with the inner flow region,

increasing the apparent large scale unsteadiness, which is seen in the increase in

amplitude of these rms concentration peaks. At a height of two jet diamc_rs, almost no

mixing between the free slzcam flow and _ts occurs, since the ground vor_x almost

completely blocks the distance between the model and ground plane. The rms

concentration peak associated with the ground vortex and forward vortex pair does not

appear to vary in amplitude between the /hree heights. However, in plots 5.5 jet

diameters from the moc_l cen_rline, a second peak that appears in the same region as the

forward vortex pair and ground vortex is seen to decrease in amplitude as the height is

increased. At a height of six jet diameters, this feature is no longer visible. This fearu_

may be related to the forward vortex pair, since flow from the forward vortex pair

forward of the ground vortex may be impacting the ground vortex, showing up as

unsteadiness ahead of the ground vortex. At lower heights, this feature is more

prominent, since flow from the forward vortex pair does not have root6 to flow back over

the center area between the model and ground vortex, and must spread out towards the

sides of the model.

Direct comparisons of the flowfivld at the mid plane for different heights a__ not

possible, since it appears that the flowfield features do not di_cfly scale with height.
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There are stillsome interestingflow featuresat the mid plane which are not seen at a

heightof fourjetdiameters,however.

Figure 4.66 shows a centerlineplot for a model height of 2 jet diameters and

a velocityratioof 0.09. This plotis very similarto figure4.17 at a model heightof 4

jet diameters. A peak in rms concenn'ation is located at the fm'wml edge of the flow in

the location corresponding to the forward vortex pair. At a model height of six jet

diameters, with the laser sheet 3 jet diameters from the ground plane, the flowfield is

much different, as shown in figure 4.67. The forward rms concentration peak

corresponding w the forward vortex pair is much lower in amplitude. The fountain has

also been pushed back between the rear pair of jets, and is evident in mean concentration

measurements, as well as figure 4.50. The large peak in rms conccnmttion is located just

behind the forward pair of jets. This peak is not evident at a model height of 2 or 4 jet

diameters. Most of the differencesbetween thesethreefigurescan be attributedto the

differencein the height of the laser sheet from the ground plane. For a lasersheet

midway between the ground plane and model, the lasersheet islocated 1,2, and 3 jet

diameters from the ground plane for model heightsof 2, 4, and 6 jet diameters. The

verticalsizeof most of thedistinctfeaturesinthe flow appear tobe independentof model

height. The ground vortex,for instance,appears to have a diameter of about 1.5 inches,

or 3 jetdiameters,for allmodel heights.

Figures 4.68 and 4.69 show mean and rms concentration plots through the

sidejetpaircemcrline atmodel heightsof 2 and 6 jetdiametersrespectively,again with

thelasersheetatthemidplane. Figure4.68 shows a prominent peak inrms concentration

in the region where the forward vortex pairand ground vortexare located. Figure 4.68

alsoshows thispeak, but itismuch smaller. Instead,runsconcentrationpeaks occur just

forward of the forward jet,and in between the jets.This isnot seen in figure4.67.
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Figures 4.70 and 4.7t show mean and rms concentration plots at the edge of

the model, 2.5 jet diameters from the model centerline, for heights of 2 and 6 jet

diameters respectively. Interestingly, both these graphs show peaks both in rms and mean

concentration in the same locations as at a height of four jet diameters, shown in figure

4.19. The amplitudes of these peaks, however, are quite different from each other.

Figures 4.72 and 4.73 show mean and rms concentration plots at 5.5 jet

diameters from the model centerline, for model heights of 2 and 6 jet diameters from the

ground plane respectively. Figure 4.20, at a height of 4 jet diameters, shows similar

features to both these figures. The decrease in amplitude of both rms and mean

concentration is due to the laser sheet location. As the model height is increased, the mid

plane is moved further from the ground plane. As previonsly stated, the ground vortex

appears to have a nearly constant size, independent of model height. As the model height

is increased, the distance from the laser sheet to the ground is also increased at the mid

plane, and differ,nt sections of the ground vortex arc illuminated. The further from the

ground plane, the lower the amplitudes of both rms and mean concentration.

4.4 Effect of Suction on Flowfield Vortex StruCtures

In a real aircraft, inlet suction cannot be turned off. However, it is interesting to

note the effects that inlet suction has on the structure of the flowfield. Figures 4.73 and

4.74 show 127 frame averages of the flowfield at a velocity ratio of 0.03 and a model

height of two jet diameters. Figure 4.74 has the inlet suction on, and figure 4.75 has
)

the inlet suction off. There is a dramatic difference between the location of the ground

vortex and forward vortex pairs in these two flowfields.

Figure 4.76 shows the ground vortex location relative to the forward pair of jets
.)

as a function of the velocity ratio U/Vj with and without inlet suction, for three different

test model heights. At the higher velocity ratios, the ground vortex location appears to

be independent of inlet suction and test model height relative to the ground plane. At low
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velocity ratios, it appears that the ground vortex location depends on the height of the test

model above the ground. At greater heights, the inlets have less influence on the location

of the ground vortex. The ground vortex location appears _o be independent of height

with the inlet suction off. Therefore, most of the changes in the ground vortex location

versus height are due to inlet sucrlon.
p,

The forward vortex pair location also appears to be influenced by inlet suction.

Figure 4.77 shows the forward vortex location relative to the forward pair of jets as a

function of velocity ratio for flu-ce different heights. Again, at high velocity ratios the

• forward vortex location appears to be independent of test model height and inlet suction

up to a height of six jet diameters. At low velocity ratios, the distance between the

forward vortex pair location and the forward pair of jets appears to increase with

increasing height. At lower heights; inlet suction influences considerably the forward

vortex pair location. Also, the forward free stream flow contributes less to the overall

flow field in comparison to the inlet suction at lower velocity ratios.
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Figure4.1: SingleFrame Image of Smoke ConcentrationatMid Plane

y/Dj= 2,H/Dj = 4,U/Vj = 0.09
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Figure 4.2: Single Frame Image of Smoke Concentration at Fzu" Phme

zlD_ = 5.5, H/Dj = 4, U/V_ = 0.09
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Figure 4.3: Single Frame Image of Smoke Concentration at Edge Plane

z/Dj = 2.5, H/Dj = 4, U/Vj = 0.09
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S. COMPARISON OF NUMERICAL AND EXPERIMENTAL RESULTS

Comparisons of numerical temperature distribution done by Taffi and Vanka [52]

and experimental concentration measurements with the uune geometry and velocity ratios

show a large number of similarities. In some cases, the normalized temperature

distribution and experimental concentration are nearly the same. However, there are

several differences in the flow structures between the numerical and experimental results.

Several of these differences may be related to_erences in flow conditions between the

numerical model and experiment. The numerical model uses a jet velocity of 1000 feet

per second, compared to 75 feet per second for the experiment. The numerical model also

uses an absolute temperature of 1000 degrees Kelvin at the jet exit plane. The experiment

is run at close to ambient temperature. However, most of the differences between the two

flowfields may possibly be atwibuted to deficiencies in the kappa-epsilon turbulence

model used in the numerical model, according to Tafti and Vanka [52]. Vortex flows

appear to make up a large percentage of the structure in the flowfield, and may contribute

to some of the differences, since large velocity gradients may occur in such structures.

In the numerical model, suction does not appear to have the same effect on the

flowfield as in the experiment. Table 5.1 shows the location of the fo_'ward extent of the

flow for both numerical and experimental data for four cases, courtesy of Taffi and Vanka

[52]. Agreement is close for cases 1, 3, and 4, with suction on, but case 2, at a velocity

ratio of 0.03 and a height of 2 jet diameters, shows a large difference between the

experiment and numerical calculations with the suction on. With the suction off, the two

flowfields agree much more closely.

O_G'iN,,_. PAGE I_

o_ Poor _.uu.rrY
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Presented next are images of both the numerical and experimental flowfields, for

a model height of 4 jet diameters and velocity ratios of 0.09 and 0.03, at the ground, mid,

and body planes. After each set of images, plots of normalized concentration and

normalized temperature versus location relative to the forward pair of jets are presented

for data through the model centerline, through the left side jet pair centerline, at the edge

of the model 2.5 jet diameters from the model centerline, and 5.5 jet diameters from the

model centerline. Also presented are plots of normalized concentration and temperature

through the centerline of the forward and rear pairs of jets, and at a plane midway

between the forward jet pair and the inlets.

5.1 Numerical and Experimental Comparisons at U/Vj = 0.09

In the next three sections, numerical and experimental results are compared at the

ground, mid and body planes for a velocity ratio of 0.09 and a model height of four jet

diameters.

5.1.1 Ground Plane Comparisons

Figures 5.1 and 5.2 show images of the flowfield near the ground plane for

numerical temperature profiles and experimental concentration measurements respectively.

The velocity ratio is 0.09, and the model height is four jet diameters. Both flowfields

are quite similar, with two main differences. The first difference is seen in the fountain

region, where the numerical data show a sharp rise in temperature moving downstream,

which appears in the experimental data as a peak in smoke concentration. The second

difference occurs at the forward extent of the flow, where the structure corresponding to

the forward vortex pair in the experimental data does not appear in the numerical data.

Plots of the numerical and experimental data through the centerline show the large

similarity between the two flowfields, as shown in figure 5.3. The major difference

between the two flowfields occurs in the fountain region. The experimental data shows
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a sharp peak, with nearly equal concentration on either side, and the numerical data shows

a sharp rise in temperature in the same region. These differences may be attributed to

the turbulence model used in the numerical code, which controls the amount of mixing

which occurs in the flowfield. Also displayed are dam from a single frame of

experimental concentration measurements, which shows some of the extent of flowfield

unsteadiness.

Figure 5.4 shows a similar plot through the side jet centerline. Again, there are

some differences in the fountain region. The main difference is seen in the area upstream

of the forward pair of jets. In this region, a high experimental smoke concentration exists

where the forward vortex pair is seen. The numerical data shows no peak in this region,

and therefore does not show the existence of_he forward vm'tex pair. Figure 5.5 shows

numerical and experimental profiles at a plane at the edge of the model, 2.5 jet diameters

from the model center]inc. Again, both experimental and numerical measurements are

similar, except in the fountain region and forv_ard vortex pair region. At a plane 5.5 jet

diameters from the model centerline, shown in figure 5.6, there are some differences

between the two flowfields. However, the main structures arc visible in both, and

normalized temperature and smoke concentration vaules are nearly the same.

Across the forward pair of jets, in figure 5.7, the num_cal temperature and

experimental concentration profiles show a large number of similarities, except in a small

region outside the jets. These differences may bc am-ibuted to differences between the

numerical and experimental data in the structure of the wail jets. The _umerical data may

not bc taking into account the increase in thickness of this structure as it propagates away

from the jet region. At the rear pair of jets, in figure 5.8, the numerical data show much

higher values outside the jets. This difference may be related m differences in the

fountain region being propagated out into the outer flowfield in the wall jet. In the jet

region itself, the numerical and experimental data agree quite well. Figure 5.9 shows
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profiles of numerical and experimental data at a plane midway between the forward pair

of jets and the inlet locations. The large differences between the two fows may be

attributed to the existence of the forward vortex pair in the experimental data, which is

not seen in the numerical temperature profile.

5.1.2 Comparisons at Mid Plane

Figures 5.10 and 5.11 show false color images of the flowfield for numerical

temperature distribution and experimental smoke concentration at a plane midway

between the ground and the model. The numerical data have a higher normalized

temperature in the rear fountain region and along the centerline, and the experimental data

show a much more distinct ground vortex, and more extensive flow. Aside from these

differences, the two flowfields are quite similar.

Figure 5.12 shows experimental concentration and numerical temperature

prof'des along the model centerline. The two profiles, while slightly different, do show

the same trends. The numerical profile generally has a higher normalized temperature

than the experimental smoke concentration, especiatly downstream of the fountain region.

The two profiles are the same in the fountain region itself. The experimental data extend

about 5 jet diameters further upstream than the numerical data.

At the jet plane, shown in figure 5.13, the two flowfields again exhibit similar

structures, but the size and scale of the flow structures is different between the numerical

and experimental profiles. In the forward vortex pair region the normalized experimental

smoke concentration prof'fle shows a larger amplitude, and extends further upstream than

the numerical temperature distribution. Unlike at the ground plane, the numerical data

does show a structure which could be related to the forward vortex pair. In the fountain

region, both the numerical and experimental data follow the same trend, but the

experimental data shows a greater variation in changes in smoke concentration.
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Figure 5.14 shows numerical temperature and experimental concentration

profiles at the edge of the model, 2.5 jet diameters from the model eenterline. The

differences at this plane are much greater than in the inner flow region. The numerical

data does not show the upstream peak which appears in the experimental data, and which

corresponds to the ground vortex. The second ground vortex is seen in both the

numerical and experimental data as the downstream peak. The peaks in the numerical

and experimental data are much different, however.

At a plane 5.5 jet diameters from the model cenl_n'line, shown in figure 5.15,

the ground vortex, associated with the forward peak, and the second ground vortex,

associated with the downstream peak, are quite evident in the experimental smoke

concentration. The numerical temperature distribution shows these two structures as much

smaller and less extensive. This may be partially due to the turbulence model used in the

numerical model, which may not account for the large amount of mixing between the

ground vortices and the free stream. The grid size may also be a factor in the flowfield

StrUC_S.

Experimental smoke concentration and numerical temperature profiles are similar

across both the forward and rear pairs of jets, as seen in figures 5.16 and 5.17,

respectively. Even outside the inner flow region, the experimental and numerical results

arc similar. At the plane midway between the inlets and forward jet pair, shown in figure

5.18, there are some differences between the numerical and experimental results. While

both show similar central structure, the extent of the experimental results is much greater.

This again may be attributed to the greater size of the forward vortex pair and ground

vortex in the experimental data.

5.1.3 Model Body Plane Comparisons

Figures 5.19 and 5.20 show false color images of the flowfield for numerical

temperature distribution and experimental smoke concentration through a plane near the
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model body undersurface, at a velocity ratio of 0.09. Both flowfields appear quite

similar, with the major difference being the existence of low smoke concentration in the

region of the inlets in the experimental results. This is also seen in figure 5.21, a

profile of experimental smoke concentration and numerical temperature distribution

through the model centerline. The experimental smoke concentration does extend about

5 jet diameters forward of the numerical results, possibly due to the existence of the

forward vortex pair, which was not seen in profiles at the ground and mid planes as well.

The structure in the fountain region is also different for the two cases, but normalized

temperature and smoke concentration are still close.

A comparison of profiles through the model jet cemerline, seen in figure 5.22,

shows good agreement again everywhere but in the forward region, where the forward

vortex pair is located, and the fountain region, where numerical results show lower

temperatures than the experimental results behind the forward jet. These differences may

be due to greater mixing occurring in the experimental results, which the numerical results

are not seeing. Figure 5.23 shows a plane at the model edge, 2.5 jet diameters from

the model centerline, numerical results show a sharp rms peak upstream in the region

corresponding to the ground vortex. In the experimental results, this region is much

broader and lower in amplitude. The downstream peak in the numerical results is in

better agreement with experimental results, but some of its structure is not seen in the

experimental results. Numerical results also do not predict the high smoke concentration

seen in the expermental results downstream of these two peaks. Most of the differences

seen in figure 5.23 may be amibuted to the unsteady nature of the flowfield in the

experimental results. Figure 5.24 shows a plane 5.5 jet diameters from the model

centerline. The numerical results do not show any peaks associated with the ground

vortex and second ground vortex in this figure. Both are very prominent in the

experimental results. This suggests the ground vortex and second ground vortex are much
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larger in diameter than the numerical results predict, since these two suructures were seen

at the mid and ground planes in both the numerical and experimentalresults.

Numerical and experimental profiles across the forwant jet pair, seen in figure

5.25, show good agreement, although experimental xcsultsshow higher amplitudes in

the fountain region. Outside the fountain region, the numerical resultsshow some

structurenot seen in the experimentalresults.Itappears thatthe numerical resultsdo not

predictthe smooth tapcringof flow around the jets,and insteade,xpcct to see lobes off

to the sides,indicatingthatmixing in the normalized experimental smoke concenn'ation

ismuch more extensivethan prcdiclcdby the numericalresults.The extentof the flow

side to side is the same for both numerical and exporimcntal profiles.Figure 5.26, a

profileatthe rearjetpair,shows good agree_nt between numerical and experimental

results,with both magnitudes and flow structuresnearly the same. Agreement is also

quite good at a plane between the inletsand forward jet pair,shown in figure 5.27,

with both the extent and magnitude of the experimental results being accurately predicted

by the numerical calculations.

5.2 Nuraerical and Experimental Co_mparisons at U/V: = 0.03.

The next set of figures shows numerical and experimental data comparisons for

a velocity ratio of 0.03 and a model height of four jet diameters. False color images of

the flowfield at the ground, mid, and body planes will be presented, along with several

plots of numerical and experimental data at several planes in the flowfield.

5.2.1 Ground Plane Comparisons

False color images at the ground plane are shown in figures 5.28 and 5.29,

of numerical and experimental results respectively. The two color images both have the

same maximum concentration in the flowfield, giving a fairly accurate comparison

between the two. It appears that the major difference between the two flowflelds is in
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the extent and magnitude of the temperature and smoke concentration in the flowfields.

The numerical data show a larger extent of lower amplitude temperature distribution,

whereas the experimental data show a much higher amplitude smoke concentration

located in a region which is much less extensive than in the nmnerical results. While it

appears that the forward extent of the two flows is nearly the same, the numerical results

exhibit a high amplitude spike along the model centerline.

Figure 5.30 shows a plot of the numerical temperatme disuibution and

experimental smoke concentration along the model cemerline. The two flowfields are in

disagreement in the fountain region, where a peak occurs in the experimental data, which

is not seen in the numerical data. This is similar to that seen in figure 5.3, at a velocity

ratio of 0.09. The forward extent of the two flows appears similar, although it is difficult

to tell for the experimental data, since the smoke concentration merges with the

background in this area. The normalized temperatures in the numerical data have a lower

value than the experimental data in the region upstream of the jets. This is also seen in

a profile through the jet centerline in figure 5.31, although there is a bulge in numerical

concentration near the forward extent of the flow. The bulge in the numerical data may

correspond to the forward vortex pair. However, this structure will be steady in the

numerical data, rather than exhibiting the unsteadiness seen in the experimental data.

Frame averaged figures of the experimental data, due to the unsteadiness in the flow, will

not show a distinct forward vortex pair. The fountain shows the same differences

between numerical and experimental results as figure 5.30.

Figure 5.32 shows a profile at the model edge, 2.5 jet diameters from the model

centerline. The normalized temperature of the numerical results is almost uniformly lower

than the experimental results, although both profiles exhibit the same flow structures.

Outside the region near the model, differences between the two flowfields become more

apparent. Figure 5.33 shows a profile of numerical and experimental results 5.5 jet
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diameters from the model centerline. The small peak in the experimental results near -30

is the forward vortex pair, and is not seen in the nmnerical resedts. The numerical results

also have a lower normalized temperature in large areas of the flowfield when compared

to the experimental smoke concentration. The fountain slructure is also visible as peaks

in both the numerical and ex_nml results. The peak in numerical results is much

sharper than in the experia_ntal results. The lower noanalizcd temperature in the

numerical data may be offset by the further extent of the flowfield for the numerical data.

Profiles across the forward jets of numerical and experix_ntal results are shown

in figure 5.34. Agreement in the jet and fountain region is good. Outside of this area,

the numerical results exhibit a sharper fall in normaliz_ temperature than the

experimental results, which show a nearly line_ar drop in smoke concentration. The extent

of the numerical results to the sides is much greater, and is more apparent in figure

5.35, at the rear jet pair. The numerical results seem to predict a much broader extent

to the flowfield than the experimental results'show. This may in part be due to the size

of the experimental flowfield. With a test section 30 inches wide, the experimental

flowfield for this case extends to the edges of the test section. Another possibility is that

the boundary layer in the numerical results is not thickening or mixing with the free

stream as seen in the experimental data. At a plane midway between the inlets and

forward jet pair, seen in figure 5.36, the numerical results again show a much broader

extent, at the same time lower in magnitude than the experimental results.

5.2.2 Mid Plane Comparisons

Figures 5.37 and 5.38 show images of numerical and experimental results

respectively at a plane midway between the ground and model for a velocity ratio of 0.03,

and a model height of 4 jet diameters. False color images of both flowfields appear

somewhat dissimilar. Visible in both are also dim, low amplitude su'ucunes in the

forward region of the flow and farto the sidescorresponding to the ground vortexand



•i 139

parr of the forward vortex pair. Figure 5.39 shows profiles along the model centerline.

This profile is very similar to figure 5.30 for both the numerical and experimental results.

The numerical results show a sharp cutoff at the forward extent of the flow, while the

experimental smoke concentration shows only a gradual merging with the background.

Other su'uctures are also similar to figure 5.30. Figure 5.40 shows profiles of

experimental smoke concentration and numerical temperature distribution through the

model jet centerline. The two profiles are dissimilar, especially in the fountain region.

In the fountain region, the numerical resultsunderact the extent of mixing and

recirculation.At this forward velocityratio,an extensive rtv:irculationzone exists

between the jetsand fountain,which as discussed above, consistof a pairof counter-

rotatingvortices.The numerical resultsapparendy do not predictthe extent to which

these vorticesmix and distributeflow in the inner flow region. Outside the inner flow

region between thejets,many of the differencescan be attributedto the unsteady nature

of the flow. The singleframe, shown in the dottedlinein figure5.117,shows sonac of

the unsteadinessin the flow, which isnot seen in numerical calculations.The extentof

thisunsteadinessis much greaterat a velocityratioof 0.03 than was s_n at a velocity

ratioof 0.09. This may contributeto the gradualdeclinein smoke concentrationin the

experimentalresultsin the upsu'eam regionof the flow. These largedifferencesare also

seen in figure 5.41, at the edge of the model, 2.5 jet diameters from the model

centerline.The numericaltemperaturedistributionand experin_ntalsmoke concentration

are much different.The singleframe alsoshows sotm of the extent()fthe unsteadiness

in thisarea of the flow. Figure 5.42 shows a numerical temperature distributionand

smoke concentrationprofileata plane 5.5 jetdiametersfrom the model centerline.The

two flows show similarstructures,although the extentand magnitude of theexperimental

resultsismuch greaterthan the numerical results.Also visiblein the singleframe data
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is some structure in the forward region of the flow, associated with the ground vortex and

forward vortex pair.

Figure 5.43 shows experimental and numerical results across the forward pair

of jets. The two flows are comparable in the inner flow region. In the outer flow region,

the experimental results show a much broader extent than the numerical results. At the

rear pair of jets, seen in figure 5.44, the numerical results agree well with the

experimental results, except for the two regions just outside the jets, where the numerical

results show a peak. This is not seen in the experimental results. These two side peaks

are also seen in results midway between the inlets and forward jets in the numerical

results, as seen in figure 5.45. The experimental results do not show these structures,

possibly because of unsteadiness and mixing in the experimental flowfield. Also not

visible in the experimental results is the broad, low amplitude increase in temperature

furtherfrom the model centcrlinc.

5.2.3 Model Body Plane Comparisons

The numerical temperature distribution and experimental concenwauon

measurements at a plane close to the model are similar. Figures 5.46 and 5.47,

images of the numerical and experimental results respectively, show this. The numerical

results do show a higher normalized temperature in the forward region of the flow, but

the extent of the flow to the sides is not as great as the experimental results. The

experimental smoke concentration shows a higher magnitude in the inner flow region

between the jets.

Figure 5.48, profiles of numerical and experimental data along the model

centedine, show some of these differences, these trends are also similar to those seen for

the ground and mid plane centerline as well. The single frame profile in figure 5.122

shows some of the extent of the unsteadiness in the forward region of the flowfield. At

a plane through the side jet centerline, seen in figure 5.49, the experimental data and
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numerical data exhibit similar structures in the flowfield, especially in the region upsu'eam

of the forward pair of jets. The numerical data does show higher magnitudes than the

experimental data both upstream and downstream of the jets. In the fountain region

between the jets, the numerical data again does not show the extent to which re.circulation

mixes the flowfield.

At a plane near the edge of the model, 2.5 jet diameters from the model centerline,

the numerical and experimental data show good agreement everywhere except in a region

downstream of the jet locations. This is seen in figure 5.50. There is also some

differences in magnitude of the flow from between the side jets. These differences may

be caused by the same mechanisms which are seen in the inner flowfield. Other

structures at this plane show very good agr_ment.

In figure 5.51, 5.5 jet diameters from the model centerline, the experimental

results show a peak emerging from the inner flowfield, which is not seen in the numerical

results. This is similar to that seen at a velocity ratio of 0.09, in figure 5.24. The main

reason for these differences is again the size of the ground and forward vortex pairs,

which appear to be smaller in the numerical data.

Figure 5.52 is a profle of numerical and experimental results across the forward

jet pair centerline. The experimental results show a much broader central region than in

the numerical data. the magnitude in the fountain region is also somewhat different,

again possibly due to the model used for mixing in the numerical calculations. The two

flows agree quite well at the rear pair of jets, seen in figure 5.53, if'the two peaks just

outside the jet peaks are smoothed into the center. This again can be attributed to an

underprediction in the amount of mixing which is occurring in the flowfield. Figure

5.54 shows numerical and experimental results through a plane midway between the

inlets and forward jet pair. The two flowfields are generaLly in agreement, although the

numerical resuhs show some structure far away from the model centerline.
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5.3 Vertical Plane Nomerical and Exvedn_ntal Comparisons

Figures 5.55 through 5.86 show comparisons of images for numerical and

experimental results, with the images oriented v='tically. In all these figures, the flow is

coming from the left,with the model above the ground plsne.Figures 5.55 through 5.70

show verticalimages along the x-axisat the model cenlmlinc,sidejetcentcrline,model

edge (2.5jetdian_tea'sfrom the model cent¢rline),and 5.5jetdiam_m's from the mtx_I

centerline,forboth n_cal and eXlm'imentalresultsatvelocityratiosof 0.09 and 0.03,

allat a model heightof 4 jetdiameters. Figures 5.71 through 5.86 show images along

the z-axis,with images located across the forward pair of jets,the rear pair of jets,

midway between the forward and rear pairof jets,and midway l_twccn the inletsand

forward pairofjets,forboth numericaland experimentalresults,atvelocityratiosof 0.09

and 0.03,allat a model heightof 4 jetdiameters.

5.3.1 Numerical and Experimental Comparisons for U/Vj = 0.09

This f'n'st sequence shows comparisons" of numerical and experimental results at

a velocity ratio of 0.09, along the x-axis of the model. Figured 5.55 and 5.56 show

images of the flowfield at the centerlin¢ for numerical and expcdmcntal results

respectively. Taking into account the different scales and orientation of the two figures,

the two flowfields arc quite similar. Major differences arc only seen in the fountain

region,where the fountain in the numerical resultsremains vertical,compared to the

downstream tilt to the fountain in the experimental results. Other differences are seen in

the forward region of the flow, where the free stream appears to penetrate and mix much

further downstream in the experimental data.

At the side jet centerline, shown in figures 5.57 and 5.58 for numerical and

experimental data respectively, the two flowfields show some differences, although the

structures in each of the flowfields is nearly the same. Major differences are seen in the

forward area of the flow, where the numerical results show higher temperatures near the
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model undersurface, and the experimental results show portions of the ground vortex and

forward vortex pair near the ground plane. Other differences appear in the fountain

region, which is vertically oriented in the numerical results, and pushed over by the free

stream in the experimental results. These differences may account for the greater mixing

in the experimental results in the fountain region, as noted above.

Figures 5.59 and 5.60 show images at the model edge, 2.5 jet diameters from

the model centerline. Again, there are differences in the forward region of the flowfield,

which shows higher temperatures near the model in the numerical data, and higher smoke

concentration near .the ground plane in the vicinity of the ground vortex and forward

vortex pair, at the ground plane. The other structures seen in the experimental and

numerical results are very similar in shape, although the amplitudes are different. The

formation of a second ground vortex associated with the downstream pair of jets is

apparent in both figures.

Figures 5.61 and 5.62 show numerical and experimental images respectively,

at a plane 5.5 jet diameters from the model centerline. In the experimental data, both the

ground vortex and second downstream ground vortex are visible, and quite distinct.

These two features appear much smaller in the numerical results, even taking into account

the scale of the two images. Part of this may be due to the differences seen in the

forward area of the flowfield in the previous two pairs of figures.

5.3.2 Numerical and Experimental Comparisons at U/Vj = 0.03

The next set of eight figures shows the same vertical planes shown in figures 5.55

through 5.62 for numerical and experimental results at a velocity ratio of 0.03. Some of

the same trends seen at a velocity ratio of 0.09 are seen in these figures.

Figures 5.63 and 5.64 show false color images of numerical and experimental

results at the model centerline, for a velocity ratio of 0.03. Both these flowfields show



144

similarextents and similar structures,although the experimental dam show higher

concenn'alionsin the fountainregion,especiallyatthe model undersurface.

Figures 5.65 and 5.66 show images of numerical and experimental dam

through the sidejetcenR_rline.Both flowfieldscontainsimilarsu'uctures.The fountain

intheexpcrimenud resultsislessdistinct,and suggestingmore mixing isoccurringinthis

regionin the experimentalresults,especiallycloserto ritemodel undersurface.The wall

jetand flow along the model undersurfaceforward of the upstream jetalso appear to be

largerand more developed than seen in the numerical results.The numerical dam also

show a much broader flow along the model undersurface,and a much lessdistinctwall

jet.

At the edge of the model, 2.5 jet _ametcrs from the model centcrline, the

differencesbetween the numerical and experimental resultsbecome distinct.Figures

5.67 and 5.68 show images of the flowfieldfor numerical and experimental dam

respectively.Visiblein the experimental resultsis the wall jet,the ground vortex,and

the counter-rotatingvortex pair between the fountain and jets. Almost none of these

su'ucmrcsisvisiblein the numerical temperatureimage, although some of the su'ucmres

may be related.

At a plane 5.5 jetdiametersfrom the centcrline,the numerical and experimental

results do show some of the same su'ucmres, as seen in figures 5.69 and 5.70

respectively.Thc sizeand extentof thesu'ucmresissomewhat different,with the ground

vortex and second ground vortex,as well as the walljet,much more distinctand visible

in the experimental results.These differencesmay possibly be relatedto differences

between the numerical and experimentalresultsin the innerflow region influencingthe

flowfieldin thisarea. Since theseflowfieldsu-ucmresaredifferentinthe innerflowfleld,

they willbe differentin the outerarea as well.
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5.3.3 Numerical and Experimemal Comparisons Along Z-Axis

The next sequence of figures shows false color images of numerical and

experimen_ dam for velocity ratios of 0.09 and 0.03 along the z-axis, across the model

and normal to the free stream flow. The images are located at the forward jet pair

centerline, rear jet pair centerline, midway between the forward and rear jet pairs, and

midway between the inlets and forward jet pairs. At high velocity ratios, no flow in the

numerical data reached the inlets, so these planes are not shown.

For a velocity ratio of 0.09, the numerical and experimental results agree well at

the forward jets, aft jets, and midway between the forward and aft jets, as seen in figures

5.71 through 5.76. There are no clear differences between the two flowfields for these

planes. At the plane midway between the inlets and forward jet pair, the two flowfields

are quite dissimilar. Figures 5.']7 and 5.78 show numerical and experimental data

respectively for this plane. Most of the flow in the numerical data appears near the model

undersurface, rather than at the ground plane, as seen in the experimental data. The

experimental data is much more extensive than the numerical data as well. This extensive

region in the experimental data is due to the forward vortex pair and ground vortex,

which are both located in this area. As seen in the previous sequence of figures along

the model, the numerical model does not predict these features well.

At a velocity ratio of 0.03, false color images across the forward and rear pairs

of jets, as well as the model centerline, show large similarities in the structure and extent

of the flowfield features seen in the numerical and experimental data. Figures 5.79

through 5.84 show the flowfield for numerical and experimental data for these planes.

These images show a much thicker wall jet in the experimental data, as well as a more

extensive mid plane. Most of the other flow features are similar, however.

At the plane midway between the inlets and forward jet pair, seen in figures 5.85

and 5.86 for numerical and experimental results, the two flowfields also appear similar,
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the major difference again being in the wall jet thickness and intensity. The 127 frame

averaged experimental flowfield also does not distinctly show the vortex features on the

underside of the model, seen in the numerical data. These vortices could be present in

the experimental data. They may also have propagated from out between the forward pair

of jets, acting similar to the side jet pair's counter-rotating vortex pair. Unsteadiness in

this vortex pair in the experimental results may have smeared this vortex pair, making it

difficult to see in the time-averaged images.
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Table 5.1: Extentof Re,circulatingHot GasZoneUpstreamof ForwardLift Jets

Ca-_e U/Vj H/Dj Numerical
Results [52]

Expcrimcnud Results
Suction On Suction Off

i 0.03 4.0 35

2 0.03 2.0 46

3 0.09 4.0 I0

4 0.09 2.0 12.5

31 38

22 35

12 14

14 17
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Figure 5. I: Numerical Temperature Profile at Ground Plane: y/Dj = 0.0
H/Dj = 4, U/Vj = 0.09
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Figure 5.10: Numerical Temperature Prof'fle at Mid Plane: y/Dj = 2.0
H/Dj = 4, U/Vj = 0.09
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y/Dj =3.6, H/Dj = 4, U/Vj = 0.03
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Figure 5.58: Experimental Smoke Concentration Along Side Jet Centerlines

z/Dj = 1.625, H/Dj = 4, U/Vj -- 0.09
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Figure 5.59: Numerical Temperature Distribution Along Model Edge
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Figure 5.63: Numerical Temperature Distribution Along Model Centerline
z/Dj = 0.0, H/Dj = 4, U/Vj = 0.03
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Figure 5.64: Experimental Smoke Concentration Along Moclel Centerline
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Figure 5.65: Numerical Temperature Distribution Along Side Jet Centerline
z/Dj= 1.625, H/Dj -- 4, U/Vj = 0.03
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Figure 5.67: Numerical Temperature DistributionAlong Model Edge
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Figure 5.68: Experimental Smoke Concentration Along Model Edge
z/Dj = 2.5, H/Dj = 4, U/Vj = 0.03
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Figure 5.70: Experimental Smoke Concentration Along z/Dj = 5.5
H/Dj = 4, UNj = 0.03



218

Inlets - - -

Midpoint --

Condorline ....
Rear Jots

Ltl

:_- - 301)1 .10

J

,_--1 x/I_=-S

I
_-,0t---_o, =o

I x/l_ ,, 3"1"'-I"--"

_L_--- "J_=6
i

I

Ground Plane

O31?
0.833
e.?Se
o._?
0.583
e.see
e .41?
0.333
e.zse
e. 16?
0.083
o.eee

Figu_ 5.71: Numvrical Temperature Distribution Across Front Jets
xJDj = 0.0,I-I/E)j= 4,U/Vj = 0.09



219

Inleta--- 1 - "_ "-1,o

Midpoint .- J--- x/[_ •-5.

....

Ground Plane

::::::::::::::::::::::::: !:!::':::_:"":_:.::::::::::::::::::::::::::::::::::::: .

...i_¢_';_.'.Ni_i.i_ :i:i:i ;:. :.

8.917
e.833
e.?se
e.f_?
8.583
e.see

6.333
e.zse

...........e.167

o.eee

Figure 5.72: Experimental Smoke Concentration Across Front Jets
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Figure 5.75: Numerical Temperature Distribution Between Front and Rear Jets
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Figure 5.85: Numerical Temperature Distribution Between Inlets and Front Jets
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6. CONCLUSIONS

Experimental investigations of the hot gas environment around a four jet, two inlet

V/STOL model configuration have shown a number of flow features which may

contribute to hot gas ingestion. Marker nephelometry using smoke particles illuminated

by a laser sheet has also provided large amounts of data for comparison with numerical

temperature prof'fles of the same model configuration.

The marker nephelometry technique used in this experiment has proven successful

in providing both qualitative and quantitative informa_on about smoke concenwation in

a complex flowfield. Data at both short time intervals and time-averaged data were

obtained using this technique. Smoke concentration measuremems of both turbulent and

steady flows could then examined. Measurements of root-mean-square concentration were

also possible, although only giving information on large-scale unsteadiness for this

experiment.

Qualitative measurements of smoke concentration in the flowfield show the

existence of a number of flow features. The flowfield itself, and the individual flow

features, are unsteady to some degree. Several features noted by earlier researchers were

seen, including the ground vortex and a vortex pair between the fountain and jets at low

forward velocities. Several other features have not been documented before. The forward

vortex pair, located in the stagnation area of flow from the fountain and the free sue, am

flow, is quite prominent, and appears to be oriented normal to the ground plane. This

structure could be responsible for some far field hot gas ingestion. A second ground
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vortex, associated with the rear pair of jets, is also apparent in most of the cases tested

in this experiment.

The location of both the ground vortex and forward vortex pair depend upon both

the velocity ratio and model height. At high velocity ratios, the distance between the

forward pair of jets and the ground vortex and forward vortex pair locations appear to be

independent of test model height. Inlet suction also does not appear to influence the

location of the ground vortex and forward vortex pair at these high velocity ratios. At

low velocity ratios, the distance between the forward pair of jets and the ground vortex

and forward vortex pair locations appear to increase with increasing height. Inlet suction

plays an important role at low velocity ratios, greatly influencing the location of the

ground vortex and forward vortex pair. In some instances, the ground vortex is very near

the inlet. Without inlet suction, the ground vortex and forward vortex pair are essentially

independent of model height.

Comparisons of experimental smoke concentration and numerical temperature data

show a largenumber of similarities.This provides confirmationthatsmoke concentration

and temperature distributioncan be considered analogous to one another, as long as

convection is the primary means of transportin the flowfield.

There are some differencesbetween the experimental smoke concentration

measurements and numerical temperaturedistribution.Most of thesedifferencescan be

relatedtospecificflowfieldfeatures.The forward vortexdoes not appear as prominently

in the numerical results.The ground vortexin the numerical resultsisalsomuch smaller

than thatseen in the experimentalresults.Inletsuctiondoes not appear toinfluencethe

numerical flowfieldto the greatdegree seen in the experimentalsmoke concentrationat

low model heightsand forward velocityratios.Numerical and experimentalresultsalso

arc diffcrentin the fountainregion as well.

#,

It
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Most of the differences between the n_ te_ distribution and

experimental smoke concentration can be attributed to inadequacies in mixing in the

numerical flowfield. Numerical results using the K-e turbulence model appear to

undcrprcdict the degree of unsteadiness and mixing in this complex flowfield.

Further research is necessary with improved data acquisition and processing

hardware before accurate measurements of the actual unsteadiness in the flowfield is

possible. Creating a model using jets with choked flow would also be necessary in order

to model more realistic aircraft configurations. In addition, one, two, and three jet

configurations also need to be studied in order to determine characteristics of the basic

flow features such as the ground vortex and forward vortex pair. Of particular interest

is the minimum configuration necessary to create the forward vortex pah-.

This experiment has shown, for a simple four jet, two inlet V/STOL configuration,

that smoke concentration measurements of the flowfield can be used to predict some of

the characteristic flow features around STOVL and V/STOL aircraft relatively easily. In

addition, this technique of marker nephelometry allows quantitative measurements of

smoke concentration, providing large amounts of data for comparison with numerical

calculations. Using this experimental technique in conjunction with numerical methods,

it should be relatively easy to test V/STOL and STOVL aircraft concepts with some

degree of confidence in the results. This will allow many more design concepts to be

tested, and facilitate the design of future V/STOL and STOVL aircraft.
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APPENDIX

The technique of marker neph¢lomcu'y used in this experiment employs a

cylindricallensto createa lasersheeL l.,ascrsheets_ by cylindricallenseshave a

gaussian distributionin intensity. Correcting for the gaussian beam distributionin

intensityof the lasersheet createdby a cylindricalIons isnecessary in order to get an

accuratemeasurement of smoke concentrationin the flowfield.Without accounting for

thisgaussian beam disu'ibution,smoke concentrationatthe edges of the lasersheetwill

appear much less.This sectionpresentsresultsof thecalibrationof a narrow lasersheet,

as weU as lightcurves of the wider lasersheet actuallyused in the experiment.

Three methods were used to measure the intensity of the laser sheet across the test

section. The first method used an enclosed area filled with a uniform concentration of

smoke, through which the laser sheet was directed. A blower in the enclosed area, and

outside the laser sheet, assured that smoke was well mixed in the test volume, and of

uniform concentration. Without the blower, small air cm'rents in the test volume

concentrated smoke particles in certain areas, leading to a non-uniform smoke distribution.

The next method used comparisons between a single 127 flame average with the

laser sheet at the centerline, and a merged image consisting of 127 frame averages of the

flowfield with the laser sheet centerline to the right edge, center, and left edge of the test

section. The laser sheet intensity profile measured using the first method was used to

correct the central 127 frame average. It was then compared to the merged image.

Further corrections to the laser sheet intensity profile were then employed to match the

central 127 frame average and merged image.



243

Figure A.1 shows profiles through the front jet pair centerline of the merged

image, the image with the laser sheet at the center of the test section, and the image with

the laser sheet to the side of the test section. The three files were merged by using shape

functions of the form

cos lc(z - C_/120

with O < z < 480; -240 < ( z - _ < 240;

where:

CL - Laser Sheet C,enterline

z = pixel location in z-direction

The laser sheet centerlines were located at z--=0, z=240, and z._80 for each of the three

images. The shape function for each of the three respective images was multiplied by the

values in the image, based on the pixel location in the z-direction (across the flow). All

three images were then added together to create a single image. This merged image was

then compared to the central image, corrected for ganssian beam distribution based on the

intensity curve from the ftrst calibration method. The results of this are shown in figure

A.2. As can be seen, the corrected image does not agree at the edges with the merged

image, although it is an improvement over the central, uncorrected image. Figure A.3

shows a much better correction, based on an intensity curve developed by trial and error

from the one used in figure A.2.

The third method used a reflecting rod, which was placed in the test section, and

viewed with the video camera. A direct measure of intensity was then possible.

Figure A.4 shows the results of the three laser sheet intensity curves. The

narrowest of the three uses the reflecting rod to generate the intensity curve. The widest

curve was generated using the first method, using a uniform smoke distribution. It

appears that as the smoke concentration in the flowfield increases, that the laser sheet

intensity ctistribution broadens.

II,
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A possible reason for this broadening involves the scm_ering of laser light off the

smoke particles in the flowficlcL Smoke particles scatlcr light from the laser sheet,

generally using forward- and backward-sc_g mechanisms. Some of the laser sheet

light is scattered off to the sides, in regions where there is low laser sheet intensiw.

Some of this scattered light is then reflected into the _ As the smoke particle

density increases, more particles are available to sc,anm" light to the sides, and more

particles at the sides are available to reflect light into the camera. This scauering

mechanism also decreases the laser sheet intensity along the centedine of the test section,

as shown in figure A.5. The laser is located downstream in the positive x-direction. The

laser sheet is artificially broadened by light scattering off smoke particles, and makes the

laser sheet intensity distribution dependent on the smoke concentration in the flowfield.

Since the lasersheetintensitycurve depends on the amount of smoke in the flowfield,it

is impossible to correct smoke concentration measurements for the gaussian beam

distributionatthe edges of the lasersheet. Therefore,concentrationmeasurements will

only be accuratein the central,high intensityportionof the lasersheet.

FigureA.6 shows thelightintensityacrossthelasersheetused forthisexperiment.

Only the centralportionof the gaussian lasersheetisused. Resultsfor the firstand third

calibrationmethods show a nearlyuniform lasersheetintensityacross the testsection.

The largescatterin the directreflectionmethod is due to the roughness of the rod, but

does show a nearlyuniform intensitydistribution.The falloffat one end iscaused by

camera misalignment. Since the lasersheetisof nearlyuniform distributionacrossthe

testsection,no correctionsin lasersheetintensityare necessary.
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Figure A.I: Left, Central, and Merged Image Profiles Across Front Jet Centerline

Laser Sheet at Ground Plane, H/Dj = 4, U/Vj = 0.09
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